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“I believed myself to be ready then; now, with the 
hindsight brought by greater age, I see myself for the 
naive and inexperienced young woman I was. We all 
begin in such a manner, though. There is no quick 
route to experience.” 
― Marie Brennan, A Natural History of Dragons 
Dedicated to the 16-year-old 
me who decided that cetology 
and academia were the thing 




The focus of this thesis is the description of three new species represented by 
specimens OU 22397, OU 22126 and OU 22262. Specimen OU 22397 has a near-
complete skull, uniquely preserved teeth and some post-cranial material which 
form the basis for the description of a new species and genus of Oligocene dolphin. 
Through the use of Micro-CT scans, scanning electron microscopy and visual 
observations the feeding apparatus of this dolphin is studied. The flattened 
rostrum and laterally-oriented teeth, amongst other features, support the 
hypothesis that this dolphin fed in a fashion previously undescribed for cetaceans. 
This involves lateral slashing of prey, as seen in sawfish, followed by raptorial 
feeding and consumption of the animal much in the way seen in Platanista 
gangetica.  
Specimen OU 22126 also represents a new species and genus of its own which is 
smaller and more gracile than OU 22397. Though no post-cranial material or 
mandible is preserved it has several unique characteristics of interest – in particular 
the crown of its first incisors are not fully erupted from the premaxilla. Though this 
specimen alone does not provide sufficient evidence to support the hypothesis of 
sexual dimorphism, the possibility is discussed, and this dolphin provides data for 
further studies on the topic. The prior classification of OU 22126 as a dalpiazinid 
is discussed and it is concluded that these animals are more closely related to 
waipatiids than these Italian dolphins. 
Specimen OU 22262 represents a new species belonging to the same genus as OU 
22397. It is composed of a heavily damaged skull missing most of its rostrum, a 
fragment of left mandible, pristine periotics and bullae and a selection of post-
cranial axial and limb elements. This post-cranial material allows for further 
investigation of the locomotion and neck mobility of these dolphins. 
iv 
A phylogenetic analysis of all three specimens is presented using a matrix of 98 
taxa and 284 characters. Both an unweighted and a weighted (K=3) parsimony 
analysis were carried out. The results suggest that all three specimens belong to a 
single clade containing them and Ediscetus osbornei. This clade plots well within 
waipatiids and is near the base of a monophyletic Platanistoidea clade.  
Altogether this thesis provides formal descriptions of three new species of dolphin 
as well as suggesting a new feeding style, previously undescribed in cetaceans. 
With further study further detail regarding these animals could be discovered and 
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1 .  Chapter 1 
Establishing engagement: 
Introducing premise, concepts and 
aims 
DEFINING THE TOPIC  
Throughout their evolutionary history, tetrapods – including cetaceans - have 
repeatedly returned to the water, to varying levels of aquatic lifestyles. Cetaceans 
evolved from land dwelling artiodactyls and became amphibious around 50 million 
years ago (Gingerich and Russell, 1981; Fordyce and Muizon, 2001; Thewissen et 
al., 2009). The oldest known archaeocete cetaceans, Pakicetus and Ambulocetus 
(Gingerich and Russell, 1981; Thewissen et al., 2009), show evidence of this 
quadrupedal ancestry. Through millions of years of evolution, archaeocetes 
became fully aquatic, though later Archaeoceti went extinct and gave rise to 
Neoceti - a clade comprising odontocetes and mysticetes (Fordyce and Muizon, 
2001). Odontocetes and mysticetes developed and specialised distinctly - 
mysticetes grew larger in size and evolved baleen for filter feeding, while 
odontocetes developed the ability to echolocate (Fordyce and Muizon, 2001; 
Thewissen et al., 2009; Marx et al., 2016a).  
The broad diversity of body size and feeding strategies in odontocetes ranges from 
the giant, deep diving sperm whale to small porpoises. Various odontocete clades 
evolved numerous differing feeding apparatus, many now extinct. Amongst these 
is the presence of tusk-like teeth in cetaceans with extant examples including 
ziphiids, and fossils such as Otekaikea (Tanaka and Fordyce, 2014, 2015a) or 
Kentriodon (Kellogg, 1927; Kimura and Hasegawa, 2019). In this thesis the focus is 
to describe three new species all having had procumbent tusk-like teeth as well as 
secondarily trying to understand the function of these teeth. 
2 
Tusks and tusk-like teeth  
The vocabulary surrounding dentition and its specificities is often highly detailed 
and precise. For this reason, a variety or relevant terms are presented and defined 
here. Tusks are defined in the dental literature as being hypselodont (sometimes 
called euhypsodont) teeth (Koenigswald, 2011; Nasoori, 2020) meaning that they 
are ever-growing and have no root, instead having a bed of epithelial stem cells 
continuously producing more dental tissue (Renvoisé and Michon, 2014; Krivanek 
et al., 2017). In contrast with hypselodont teeth are brachydont teeth (low crown 
and well-developed roots) which are the most common tooth form and hypsodont 
teeth (high crown and shallow roots) which is considered to be an intermediate 
between hypselodonty and brachydonty (Renvoisé and Michon, 2014).   
Amongst cetaceans, the only modern example of tusk bearing is found in Monodon 
monoceros, the narwhal. In this species the canines are highly modified and, most 
commonly, the left canine erupts as a tusk in males of the species and continues to 
grow through life (Nweeia et al., 2009, 2012; Heide-Jørgensen, 2018).  
Though true tusks are not common amongst cetaceans, other tusk-like teeth are 
known of some of which are considered to be ever-erupting (in contrast to ever-
growing). One such example is Ziphius cavirostris, Cuvier’s beaked whale, which 
possesses a pair of mandibular incisors which are externally visible and  
procumbent in the males of the species (Hillson, 2005a). As these animals age they 
deposit significant amounts of cementum on the roots of the tooth causing it to 
continuously erupt (Hillson, 2005b, 2005a).  
Due to these differences in dental morphology this thesis will uses the term tusk 
to refer only to “true tusks”, i.e. procumbent extraoral hypselodont teeth. The term 
tusk-like is used to refer to procumbent extraoral non-hypselodont teeth. These 
non-hypselodont teeth are primarily considered to be brachydont teeth as they 
have extremely well-developed roots which are absent in hypsodont teeth. 
3 
Tusk-like teeth in New Zealand dolphins and globally  
In the 1940’s, Professor B. J. Marples found the first evidence of tusk-like teeth in 
cetaceans from New Zealand. Specimen OU 11519 is an unpublished specimen with 
minimal material available, only the right periotic and a few teeth. This was the 
only known cetacean with tusk-like teeth from New Zealand. In January 1991, 
Professor R. Ewan Fordyce found Waipatia maerewhenua, which was described and 
published by Fordyce (1994). A number of other tusked specimens have been 
found in New Zealand, including two Otekaikea species (Tanaka and Fordyce, 
2015b, 2015a). Many Squalodon-like odontocetes are known to have procumbent 
incisors (Flynn, 1923; Kellogg, 1923; Rothausen, 1968), but most are robust and in 
some cases slightly recurved, different from the tusk-like tooth arrangement seen 
in the specimens of this thesis. In Otekaikea, one incisor is enlarged and elongated, 
protruding horizontally and, in the case of the holotype of O. huata, the right tusk 
is worn down from abrasion.  
Several other tusked odontocetes have been found globally (Kellogg, 1927; Cisneros 
et al., 2017; Albright et al., 2018; Kimura and Hasegawa, 2019), though very few are 
published. However, Ediscetus osbornei (Albright et al., 2018) from South Carolina 
was described and published recently,. The abundant material that has been 
collected but remains to be described from the University of Otago Department of 
Geology contains odontocetes with tusk-like teeth, including three distinct but 
seemingly closely related species, which are the focus of this thesis. 
The limits of Platanistoidea 
The limits of the superfamily Platanistoidea are regularly debated as its content 
varies between papers (e.g. Kaiya, 1982; Muizon, 1987; Fordyce and Muizon, 2001; 
Nikaido et al., 2001; Barnes, 2006; Boersma et al., 2017). As species are added to 
phylogenies, the tree shifts in multiple ways, and for a clade such as Platanistoidea 
with only one extant species, its definition has often changed. 
In 1987, Muizon suggested that the superfamily Platanistoidea sensu stricto 
includes the families Platanistoidae, Squalodelphinidae, Allodelphinidae and 
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Waipatiidae (Muizon, 1987). Several species with undefined families such as 
Urkudelphis chawpipacha or Awamokoa tokarahi were also added to this definition 
(Tanaka and Fordyce, 2015a, 2015b). However, several other clades vary in their 
placement in the sugested Platanistoidea (sensu lato) (Tanaka and Fordyce, 2015a; 
Tanaka et al., 2017). This is the case for the Squalodontidae family or the genus 
Papahu.  
However, in Bianucci et al.'s 2020 paper on early Miocene Platanistoids of Peru 
they present an emended diagnosis of Platanistoidea after reviewing it’s varying 
content. They propose a new, more stable Platanistoidea sensu stricto which 
includes only the three families Platanistidae, Squalodelphinidae, and 
Allodelphinidae. This thesis follows this definition of Platanistoidea which 
excludes the previously included families of Dalpiazinidae, Squalodontidae, 
Waipatidae as well as other genera and species. From this it is suggested that the 
classification of these cetaceans (previously suggested to be Platanistoidea) be re-
examined and that they be considered as basal odontocetes with no specified 
higher clade for the time being.  
The study of function in fossil dolphins  
When studying fossil cetaceans, some of the questions that arise are related to how 
these animals lived and interacted with the environment. This encompasses 
aspects such as feeding, locomotion and ecological niche. To study such topics in 
fossils, one must draw information from whatever material is available. This means 
that often only physical/mechanical functional morphology aspects can be 
thoroughly studied. In many cases this involves the study of the feeding apparatus, 
which includes the rostrum, mandible, and teeth of the animal, as well as inferring 
modes of locomotion, through its limb bones and axial skeleton. Though soft 
material is not preserved during fossilisation, muscle and ligament attachments 
allow the inference of their presence and extent. Studies on known feeding systems 
and morphologies and their relationships to those of fossils include recent papers 
by McCurry et al. (2017b, 2017a, 2019). Other studies focused on locomotor 
function have also been carried out for several cetaceans, both modern (Fish et al., 
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2003; Cooper et al., 2007; Okamura and Fujiwara, 2020) and fossil (Gatesy et al., 
2013; Fitzgerald, 2016; Boessenecker et al., 2020). These previous studies give us a 
better understanding of how features may have evolved and what their uses might 
have been. The three tusked specimens investigated in this thesis are a prime 
example of this, and through their study one of the aims is to elucidate aspects of 
functional morphology not previously described.  
Scope-- bracketing period, and location  
The study of evolution plays into the art of reconstructing a puzzle where variable 
numbers of pieces are missing. Material if often fragmentary or is yet to be found, 
collected, or studied. Despite this, we persist in our attempts to reconstruct to the 
best of our ability what the world may have appeared as in the distant past, long 
before our time, using whatever pieces we can find.  
New Zealand is known from its well-preserved and informative cetacean specimens 
from the late Oligocene and early Miocene (Fordyce, 1994; Aguirre-Fernández and 
Fordyce, 2014; Tanaka and Fordyce, 2014, 2015b, 2015a, 2016, 2017; Boessenecker 
and Fordyce, 2015). Much of the material collected and held in the Otago 
University Geology Museum (OU) collections are from the Waitaki valley in the 
New Zealand South Island. The Waitaki valley has widespread outcrops of the 
Kokoamu Greensand and Otekaike Limestone (Gage, 1957; Field and Browne, 
1986). This sediment contains abundant foraminifera which can be identified to 
provide stratigraphic ages for the cetacean fossils which ranges across the 
Oligocene to the early Miocene. This ability to date the surrounding sediment 
allows a better understanding of the cetacean specimens’ ages. Though some 
cetaceans from this area have been formally studied and described such as 
Waipatia maerewhenua (Fordyce, 1994) and Tokarahia kauaeroa (Boessenecker 
and Fordyce, 2015), more are yet to be added to the tree of life of cetaceans. This 
thesis will attempt to continue informing the evolution of New Zealand dolphins 
through time.  
6 
IMPORTANCE OF STUDY 
Relevance  
The dolphins studied in this thesis are related to Waipatidae which were previously 
thought to belong to the superfamily Platanistoidea, represented by a single extant 
species, Platanista gangetica, the Ganges river dolphin (Cassens et al., 2000; 
Nikaido et al., 2001; Arnason et al., 2004; Barnes, 2006; McGowen et al., 2009; 
Page and Cooper, 2017). Though this may be the most closely related extant 
cetacean to the species in this thesis it is not though that they belong to the newly 
redefined superfamily Platanistoidea (Bianucci et al., 2020).  
The clades of basal odontocetes such as waipatids were once diverse, and 
specimens belonging to them are known globally (Muizon, 1987; Fitzgerald, 2016; 
Kimura and Barnes, 2016; Boersma et al., 2017; Lambert et al., 2017; Tanaka et al., 
2017), though all such clades have gone extinct and Platanistoidea itself is now 
restricted to the Ganges and Indus rivers of southern Asia. The study of fossil basal 
odontocetes can provide insights into the diversity of past odontocete clades which 
have since gone extinct, and potentially provide insight as to why they have 
disappeared. 
Filling the gap 
The three specimens presented in the following chapters are all medium-sized 
odontocetes with tusk-like teeth. They are all from the late Oligocene to early 
Miocene and were all collected from the Awamoko Valley in North Otago, New 
Zealand. Though cetacean species are regularly described and discovered, no new 
New Zealand species have been described since Awamokoa tokarahi in 2017, 
though there are many more which require study and publication. Here three new 
species are added to the list of known and described fossil New Zealand cetaceans.  
Through the description of well-preserved material of known age it is possible to 
further advance the understanding of systematics, macroevolution and 
palaeoecology in ways which may not be elucidated by partial material.  
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Defining research aims 
This thesis describes three new species, based on specimens OU 22397, OU 22126 
and OU 22262 respectively, and works to elucidate their unique functional 
morphology, as well as using phylogenetic analyses to understand their 
relationships to each other and other cetaceans. 
RESEARCH IN THIS THESIS  
Objectives 
This thesis investigates, defines and describes three new species of dolphin. It aims 
to develop an understanding of their immediate relationships and within broader 
Cetacea. It also examines various functional complexes, in particular the feeding 
apparatus of species 1 and 2, and the forelimb of species 3. These expand our 
knowledge in cetacean functional morphology, including their ecological and 
physiological implications. This thesis provides new insights into the evolution of 
fossil dolphins, their ecology and diversity. 
Limitations of this thesis 
There are limits in the study of palaeontology, the material is rarely complete or 
preserved undamaged and, in the case of all these three specimens, much of the 
skeleton is missing. In the case of specimen 1, most of the skull and the right 
mandible are preserved as well as a few vertebrae and ribs, but no limb material 
was found. Specimen 2 preserves only the cranium with no mandible or post-
cranial material, and Specimen 3 is heavily crushed, missing most of the detail in 
the skull but preserves many vertebrae as well as a fragment of scapula, both 
humeri and both ulnae.  
A further limitation of studying fossils is that samples are mostly small in many 
cases. Most often only one fragmentary specimen is found for each described 
species, though there are some known exceptions to this such as Agorophius 
pygmaeus of South Carolina (Fordyce, 1981; Godfrey et al., 2016; Boessenecker and 
Geisler, 2018). This limits our ability to assess potential sexual dimorphism, 
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developing an understanding of ontogenetic change as well as not being able to 
identify traits unique to the individual specimen rather than to the species. When 
studying functional morphology, soft tissue material is very rarely preserved and 
thus its presence and shape must be interpreted from correlations with living 
animals, muscle attachment sites, fossae, foramina, sulci or other evidence of 
former soft tissue presence. Due to this, most of the study of function in 
palaeontology revolves around hearing, locomotion (Chapter 4) or the feeding 
apparatus (Chapter 2), as they most commonly preserve in the fossil record. In 
certain cases, it is possible to make further hypotheses regarding functional 
morphology, though it is near-impossible to confirm without the discovery of 
further material, such as in the case of sexual dimorphism (Chapter 3). 
The limitations specific to this thesis regard limited time and funding, as well as 
limited access to specific equipment. One such issue relates to the inability to fully 
CT scan the skulls, making it impossible to study the teeth in-situ three 
dimensionally, or the skull’s internal morphology. This is due to size limitations of 
the equipment available at the University of Otago, as well as the high costs of 
getting it done elsewhere. As these specimens are unique, destructive sampling is 
discouraged as any material removed may be limiting further study and gain of 
information at a stage where different methods may become available. Such 
methods as the sectioning of teeth, whilst potentially highly informative, 
permanently alters the tooth, as it has to be embedded in resin, cut, and sanded 
down. Due to this, certain studies commonly carried out in modern Cetacea to 
provide age estimation, for example, were not employed here. 
Thesis content 
This thesis begins with the study of specimen OU 22397, which has a near-
complete skull of high preservation quality and uniquely preserved teeth, which 
are unusually long and procumbent. In Chapter 2, this specimen is described as 
well as defined as its own new species and genus. The geological details regarding 
its finding are provided. A thorough discussion of its feeding apparatus is based on 
visual observations, x-rays, Micro-CT scans and scanning electron microscopy 
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imaging of the enamel of a tooth. The jaw mechanics of the specimen is also 
investigated, focused on the shape and size of its temporal fossa related to the 
mandible. It seems that OU 22397 would have had the ability to snap its mouth 
shut very rapidly and would not have used its teeth vigorously or consumed 
abrasive or attritional prey as negligible wear was observed.  
In Chapter 3, a new species and genus is defined and described for specimen OU 
22126 which is a more gracile and smaller animal than OU 22397. It has a unique 
characteristic in that its tusk-like teeth are not fully erupted from the rostrum. In 
the past, this specimen was suggested to be a dalpiazinid. The reasons why this is 
no longer the current thinking are detailed and several hypotheses are discussed 
with regards to the potential explanation for the partial eruption of the teeth.  
In Chapter 4, specimen OU 22262 is presented. Although it has only a partial skull, 
a description of the material is carried out and it is assigned to a new species but 
belongs to the same genus as specimen OU 22397. The preservation of more 
extensive post-cranial material for this specimen allows for further functional 
interpretation of the locomotion, including the fact that the preservation of the 
atlas demonstrates significant mobility in the neck. The limb material of the 
specimen is one of very few to be known from the Oligocene and shows that the 
animal would have had a thin flipper with limited elbow mobility but potentially 
minimal movement in the manus.  
In Chapter 5, a phylogenetic analysis of specimens OU 22397, OU 22126 and OU 
22262, is presented. These animals were coded using the Tanaka et al. 2017 matrix, 
and a further 8 specimens are added, having either been described in other papers 
or, in the case of E. osbornei, having been recoded for this study. Two analyses were 
carried out in TNT – a phylogenetics program for analysis under parsimony: the 
first was an unweighted and unordered analysis, and the second was an unordered 
and weighted analysis with K=3. The results of these are presented and the addition 
of each of the specimens to the matrix is investigated, and the apomorphies of the 
branches of interest are presented. The discussion of Chapter 5 explores the 
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relationships of the three species described in this thesis, their relationship to E. 
osbornei, as well as the distribution of waipatiids and the span of the superfamily 
Platanistoidea. 
 In Chapter 6, an overview and synthesis of the findings of this thesis is presented, 
along with suggestions for future research. It finishes with a presentation of the 
implications and contributions of this research to cetacean paleobiology. 
 
INSTITUTIONAL ABBREVIATIONS 
OU, Geology Museum, University of Otago, Dunedin, New Zealand 
SC, South Carolina State Museum, Columbia, South Carolina, U.S.A. 




2 .  Chapter 2 
Incredible incisors: A new dolphin 
genus with unusual teeth. 
INTRODUCTION  
In chapter 1 dolphins with tusk-like teeth were introduced, particularly known 
species from New Zealand such as Otekaikea huata and Waipatia maerewhenua.  
In this chapter, the first of three new species of dolphin with similar tusk-like teeth 
is presented, specimen OU 22397. This specimen has previously been of interest 
which has led to it being presented at several conferences in talks and posters as 
well as being mentioned in publications (Fordyce, 2003a; Fordyce et al., 2012, 2013; 
Aguirre-Fernández and Fordyce, 2014; Tanaka and Fordyce, 2015a; Coste et al., 
2017, 2018, 2019a, 2019b). Despite this it is still needing a formal description, 
diagnosis and name. This is to be remedied here. The near intact skull and 
mandible allow for the study of the feeding complex of this animal.  
The aim of this chapter is to provide a clear diagnosis and description of this new 
species and genus of dolphin. Following this the chapter explores the potential 
function of the specimen’s unusual teeth. Since OU 22397 has structures no longer 
known in extant Cetacea it allows for a greater understanding of the diversity of 
these to be gained. This specimen also sets the stage for the entire thesis, 
presenting the most complete specimen of its kind and providing the best possible 
data. 
In this chapter, specimen OU 22397, which includes a near complete skull, right 
mandible, both periotics and bulla, loose teeth, and postcranial material, is used 
to define, diagnose, describe and discuss a new species. An overview of the 
geological context of the fossil find is given, as well as the systematics including 
the definition and diagnosis of this new genus and species. This is followed by a 
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formal description of OU 22397. A phylogenetic analysis is also carried out (see 
Chapter 5). The functional morphology of the unusual teeth and jaw is considered.  
MATERIALS AND METHODS 
OU 22397 was collected in 1998 by R. E. Fordyce, A. Grebneff, S. Wilson & R. D. 
Fordyce from a fallen block below the North-West face of Island Cliff, Tokarahi, 
Awamoko Valley in Northern Otago, New Zealand (44.96°S 170.66°E). Collection 
details are available on the New Zealand Fossil Record File Database 
(www.fred.org.nz) under fossil record number I41/f0162. The specimen was 
prepared by A. Grebneff and S. White using pneumatic chisels and hand tools 
under a Zeiss SR binocular microscope. Photographs of the specimen coated with 
sublimed ammonium chloride were taken with a Nikon D800 DSLR camera and a 
105 mm micro lens.  
Skull nomenclature follows Mead and Fordyce (2009) and post-cranial 
nomenclature follows Cozzi et al., (2017) unless mentioned. All measurements 
were made using calipers and are given to the closest 0.5 mm. The description of 
the various elements is done from whichever side was most complete. 
The teeth of OU 22397 were scanned with the Skyscan 1172 Micro-CT (µ-CT) 
desktop system (Skyscan, Kontich, Belgium) housed at the Otago Micro and 
Nanoscale Imaging facility, University of Otago. X-rays were generated at 80 kV, 
125 μA and 10W and a 0.5 mm thick aluminium filter was used. The resolution was 
of 8.7μm pixel size and the rotation step was 0.3°. Images were reconstructed using 
the Skyscan NRecon software (NRecon, version 1.4.4, Skyscan). Data was processed 
using Image J (Schneider et al., 2012) and Avizo 2020.2 (Thermo Scientific™ 
Amira-Avizo™ Software, Thermo Fisher Scientific) 
The scanning electron microscopy (SEM) images of enamel microstructure were 
obtained from a small 3 mm long and 2 mm wide fragment of cheek tooth of OU 
22397. The fragment was placed in a silicone mould and encased in high grade 
epoxy resin. After a 24-hour curing period, it was unmoulded and ground down on 
a model grinder to obtain lateral and transversal facets. These facets were then 
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polished using Silicon carbide paper 1200, 2400, 4000 grit on a Sturers TegraPol-
21 polisher. The polishing quality was checked regularly under a binocular 
microscope until the desired result was obtained. It was then washed in ultrasound 
water bath for 3 minutes, etched in 2M phosphoric acid for 10 seconds and washed 
again in a 100% ethanol ultrasound bath for 3 minutes following Loch et al. (2015). 
It was then coated in gold palladium and viewed using a JEOL FE-SEM6700 
operating at to 10 kV.  
Systematic palaeontology 
CETACEA Brisson, 1762 
ODONTOCETI Flower, 1867 
gen. 1 et sp. 1 nov. 
See Chapter 5 for phylogenetic position. 
Holotype. OU 22397 is a near complete skull, missing the right jugal and both 
lacrimals and pterygoids. Both periotics, bulla and stapes are present as well as the 
left malleus, still attached to the bulla, and the right mandible is preserved. 
Twenty-one teeth are in place and a further twenty-one teeth are loose. The 
postcranial material consists of a fragmentary atlas, axis, two cervical, four 
thoracic, two caudal vertebrae and seven ribs. 
Type locality & Horizon. The holotype was found in a fallen block at the base of 
Island Cliff on the eastern bank of the Awamoko stream Valley (Figure 2-1). The 
matrix surrounding OU 22397 is a yellow-green, highly glauconitic sandy 
limestone with sparse invertebrates and indistinct bedding. The sediment is from 
the transitional sediment of Island Cliff where it grades up from the Kokoamu 
Greensand to Otekaike Limestone. The lithology is similar to that of a bone-rich 
shell bed which has produced Carcharodon angustidens, Megalampris keyesi and 
Tokarahia kauaeroa (Gottfried and Fordyce, 2001; Gottfried et al., 2006; 
Boessenecker and Fordyce, 2015) and which was dated using foraminifera and 
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strontium isotopes. This indicates it is of upper Duntroonian age (Chattian) at 
about 25 Ma.  
 
Figure 2-1. Locality map of ‘‘Island Cliff’’ site (bottom left), on the South Island of 
New Zealand, and stratigraphic section (bottom right) showing the estimated 
horizon of OU 22397. Map adapted from Gottfried and Fordyce (2001). 
Diagnosis. Gen. 1 et sp. 1 nov. is a longirostral, heterodont, polydont odontocete 
with long, conical, procumbent anterior tusks and denticulate cheek teeth. The 
attenuated rostrum is long and dorsoventrally flattened. The premaxillae are long 
and the anterior 22% of the rostrum are formed by premaxilla alone. It has large, 
distinct maxillary flanges, sub-rhomboid nasals and a wide dorsal opening of the 
mesorostral grove along the entire rostral length. Posterior teeth are more recurved 
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medially and triangular. OU 22397 differs from Waipatia in having longer, 
straighter tusks, a longer rostrum which is more dorsoventrally compressed, less 
asymmetry in the skull and less differentiated posterior cheek teeth. OU 22397 
differs from Otekaikea with smaller, more numerous tusks, no expansion of the 
premaxillary crest, a strong intertemporal constriction, and a lower vertex. OU 
22397 differs from Ediscetus in having an antero-posteriorly longer vertex, a 
broader mesorostral groove with no significant constriction, sub-rhomboid nasals 
rather than triangular, deeper premaxillary sac fossae, a semi-circular 
supraoccipital shield, an absence of dorsally angled temporal crests, a stronger 
intertemporal constriction, anterolaterally oriented zygomatic processes and 
squared postglenoid processes in lateral view. 
DESCRIPTION 
General Description 
The skull of OU 22397 is near complete (Figure 2-2, Figure 2-3, Figure 2-4, Figure 
2-5, Figure 2-6, Figure 2-7), missing primarily the right lacrimojugal and the 
pterygoids. The brain case is slightly crushed and there is some postmortem wear 
of the bones. Limonite nodules almost completely close the bony nares, and occur 
in both temporal fossae, in the mesorostral groove (Figure 2-2) and on the medial 
edge of the ventral part of the left orbit (Figure 2-4). The skull has only a little 
directional asymmetry around the nares, orbits and maxillary flanges.   
Rostrum 
The rostrum of OU 22397 comprises 66% of the condylobasal length and is straight 
with parallel profiles in lateral view (Figure 2-6), deepening about 8 cm anterior to 
the antorbital notches. The rostrum is wide at the antorbital notches, is attenuated 
anteriorly and is wider than it is deep. The premaxilla comprises 22% of the front 
of the rostrum. The mesorostral groove is shallow, wide, and open – particularly 
anteriorly; matrix has not been removed to avoid weakening, and tool mark from 
collection is present. The anterior limit of the vomer is 134.5 mm posterior from 
the tip of the rostrum or at about 24% of the CBL. Slightly asymmetrical,  
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Figure 2-2. Skull of OU 22397 in dorsal view, coated with sublimed ammonium chloride. 
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Figure 2-3. Skull of OU 22397 in dorsal view, coated with sublimed ammonium chloride, overlaid with line drawing.
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dorsoventrally thin and sharp-edged maxillary flanges are present posteriorly and 
adjacent to the, prominent, possibly asymmetrical antorbital notches where the right 
one is deeper and more inset and the maxillary flange creates a notch not present on 
the left, though this may be due to postmortem damage, behind which the maxilla rises 
prominently up onto the face. 
The ventral surface of the rostrum (Figure 2-4,  Figure 2-5) is planar; it becomes gently 
convex and deepens posteriorly and has distinct, unfused sutures. The vomerian 
window is clearly defined and the alveoli extend back on to the maxillary flange. 
Cranium 
The cranium is roughly equidimensional, only slightly wider than it is long (Figure 2-2). 
The facial fossa is shallow, deepest medially adjacent to the nares, and the vertex is near-
flat and little elevated above the face. The narial passages are located level between the 
prominent preorbital and postorbital processes of the frontal, making them level with 
the orbit. The orbit is elongate, shallow, is slightly inclined ventro-laterally and laterally 
sits slightly above the base of the rostrum (Figure 2-4). The posterior part of the cranium 
is formed by a semi-circular and slightly depressed supraoccipital. 
In the area of the dorsally open temporal fossa there is a prominent intertemporal 
constriction formed by the parietals. The orbitotemporal crest is straight, partly roofing 
the temporal fossa, the floor of which is wide and concave. The zygomatic processes are 
low and not elevated relative to the subtemporal crest with their anterior tips not 
reaching the level of the postorbital process. Ventrally (Figure 2-4) the subtemporal 
crest is prominent and the basicranium is very wide between the pharangeal and 
subtemporal crests. The fossae for the pneumatic sinuses are poorly defined compared 
to modern species such as in Tursiops truncatus (Houser et al., 2004) . 
 Premaxilla 
 The premaxilla forms the apical 88 mm of rostrum. In dorsal view, the premaxilla 
anterior to the premaxillary foramen is almost straight. Dorsally, the rostral sutures with 
the maxilla are closed and visible and ventrally the sutures with the maxilla, the vomer 
and between the two premaxillae are visible. Each premaxilla carries three tusk-like 
incisors bilaterally. The premaxillae are narrowest above the 7th tooth, 26 mm from 
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their anterior tip. In the mid-part of rostrum, the lateral edge of premaxilla is thin and 
near vertical whilst the posterior half of the mesorostral groove is slightly roofed by the 
thin crests of premaxilla which were slightly damaged postmortem on the right. 
Posteriorly there is a slight internarial constriction medially between the nares and 
premaxillary foramen. The premaxillary sac fossa is subhorizontal and the premaxillary 
cleft is present and distinct though not deep. The nasal plug muscle likely originated on 
the small triangular shelf overhanging the mesorostral groove just ahead of the 
premaxillary foramen. The asymmetrical premaxillary splint extends further back than 
the end of the nasal, keeping it separate from the maxilla. Lateral to the premaxillary 
splint is the premaxillary plate which is also asymmetrical and slightly squared in dorsal 
view. 
There are two premaxillary foramina on each side of the rostrum, all anterior to the 
preorbital process. The two left foramina open slightly more posterior than the right 
ones, as well as being partially obscured by limonite. Each anteromedial sulcus is deep, 
narrow and prominent, contains both premaxillary foramina and is 50~60 mm long. 
The posterolateral sulcus is prominent with its medial face rising vertically. The sulcus 
is split and changes orientation to being lateral to the first section. The posteromedial 
sulcus is indistinct. 
Maxilla 
The maxilla forms much of the face (Figure 2-2, Figure 2-3), nearly completely covering 
the frontal but leaving the edges free and not extending onto the ant- or post-orbital 
processes. The suture with the frontal is prominent along entire contact. Posteriorly, 
the maxilla does not contact the supraoccipital but is separated by a splint of frontal 
and of parietal it also has no contact with the nasals because of the intervening 
premaxilla. There are no maxillary crests or thickenings; of the maxillae present over 
the orbits. 
The supraorbital process of the maxilla carries several foramina; it has 1 antorbital 
foramen on the right and 2 on the left, all of which are angled perpendicularly to the  
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Figure 2-4. Skull of OU 22397 in ventral view, coated with sublimed ammonium chloride. 
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 Figure 2-5. Skull of OU 22397 in ventral view, coated with sublimed ammonium chloride, overlaid with line drawing. Diagonal hatching 
indicates damaged and unclear areas. 
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axis of the skull. The dorsal infraorbital foramina are also split with 1 on the right and 2 
on the left.  
The ventral surface of the maxilla forms most of the rostrum surface (Figure 2-4, Figure 
2-5) and ends anteriorly at the level of the canine. Posteriorly, the maxillary-palatine 
suture is most complex around the infraorbital foramen. The left infraorbital foramen 
has most of its anterior, lateral, and posterior margins formed by maxilla with only the 
medial section of the margin that is formed by palatine. The right infraorbital foramen 
margins are mostly formed by palatine on the posterior, lateral and medial sides with 
only the anterior portion formed by maxilla. The two maxillae are ventrally separated 
by the prominent vomerian window. There are two sulci at the contact of the maxilla, 
vomer, and premaxilla. The maxillary flange is tabular ventrally and carries three 
double-rooted alveoli of the 14 in the maxilla with the tooth row ending 52 mm anterior 
to the antorbital notch. The maxilla also contacted the lacrimojugal antero-medially to 
the antorbital notch and along the maxillary flange, however exact contacts are difficult 
to determine due to wear postmortem.  
Palatine 
The palatine is broadly exposed posteriorly on the palate, extending forward from the 
anterior of the nares. The two palatine plates are separated posteriorly by a sulcus 
though contact is maintained below it. Palatine and pterygoid would normally be visible 
in the nares and surrounding area but features are obscured by limonite. There are no 
discernible palatine foramina. 
The maxillary-palatine suture can be discerned in places where the asymmetrical suture 
shows striations in bone for suture. The contacts with the frontal, lacrimojugal and 
pterygoid are unclear. 
Pterygoid and pterygoid sinuses 
 The pterygoids are missing apart from a small portion posterior to the nares. There is 
no hamular surface preserved. The inner lamina of pterygoid probably contributed to 
the pharyngeal crest, along with the basioccipital process, basisphenoid and vomer. The 
pterygoid sinus fossa is present between the subtemporal crest and postglenoid process 
as well as anterior/laterally to postglenoid process. 
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Figure 2-6. Photographs of skull and mandible of OU 22397 in lateral views, coated with 
sublimed ammonium chloride. Corresponding line drawing of skull and mandible in 
association. 
Nasals 
The nasals are robust, tabular, rhomboid-shaped bones with the posterolateral corners 
being elongated and pointed (Figure 2-2, Figure 2-3). There is a clear internarial suture 
and an internarial process formed by the frontals. The anterior edge of each nasal is flat, 
and together form an anteriorly pointed wedge. The posterior edges are each sinusoidal, 
being concave laterally and convex medially. When viewed anteriorly each bone is 
flattened, and the dorsal surface of each nasal slopes dorsomedially. Each nasal contacts 
the premaxilla laterally and frontal posteriorly and only slightly roofs the nares. 
Ethmoid 
The ethmoid complex is covered by limonite. The presphenoid (sensu Ichishima 2016) 
is not identifiable. The internarial septum is about 8 mm wide though limonite may 
affect the measurement. 
Vomer 
Dorsally (Figure 2-2, Figure 2-3) the vomer contacts the obscured ethmoid, premaxilla 
and maxilla and is visible in the mesorostral groove to 151 mm from the tip of the 
rostrum before being covered by premaxilla. Ventrally (Figure 2-4, Figure 2-5) it is 
exposed in the vomerian window which is 165 mm long and 19 mm wide at its broadest. 
The vomerian window extends from slightly behind the last tooth to about the level of 
the 9th tooth. The vomer sutures with maxilla and premaxilla in the palate and extends 
posteriorly, separating the nares and covers the basioccipital to about 50 mm from 
intercondylar notch. Posteriorly, erosion makes the shape of the vomer difficult to 
ascertain, though the lateral margins follow the edge of pharyngeal and basioccipital 




Figure 2-7. OU 22397 skull in anterior view and posterior view; coated with sublimed 
ammonium chloride. 
Lacrimojugal 
A distinct fragment of the left lacrimojugal was found separate from the skull and 
cannot reliably be “keyed” into place on the skull (Figure 2-4, Figure 2-5). Viewed 
ventrally the lacrimojugal is 34 mm wide. The lateral part is larger and thicker and is 
axe head shaped tapering to a thinner centre whilst the medial part, carries the base of 
the styliform process of the jugal. In life, the lacrimal was likely visible dorsally, but 
erosion dorsally and ventrally have removed detail. It seems to have surrounded most 
25 
of the antorbital notch with a splint running anteriorly on to the rostral palate and 
maxillary flange. It is in in shape and positioning reminiscent of the lacrimojugal of 
Papahu taitapu (Aguirre-Fernández and Fordyce, 2014). The lacrimal underlies the 
maxilla and frontal though it does not visibly extend to the ventral infraorbital foramen. 
The jugal is only known from a fragment fused with the left lacrimal which is very thin. 
Frontal 
The dorsal surface (Figure 2-2, Figure 2-3) of the frontals is extensively covered by 
maxilla. Minor asymmetry occurs, with the right dorsal orbital ridge being more 
excavated than the left. The contact and sutures with maxilla are clearly delimited, 
whilst those with the parietal are discernible though not clear and there is no clear 
interfrontal suture. The frontals at the vertex are flat and about 50 mm wide, extending 
35 to 40 mm antero-posteriorly. The lateral portions of the frontals at the vertex are 
striated with small sulci which may have been for the attachment of connective tissues. 
The lateral edges of the frontals are subparallel, the anterior margin is semi-circular and 
forms a blunt internarial process, and the posterior margin is near straight. 
The ventral surface (Figure 2-5) of the frontals primarily forms the orbits and the roof 
of the temporal fossae. The orbit is low, shallow-arched (Figure 2-6), and is 74 mm long 
from preorbital to postorbital processes. The preorbital and postorbital ridges are 
dorsoventrally thin and the preorbital and postorbital processes are short. The 
preorbital ridge is very low, rounded and flattened laterally with the ridge becoming 
higher medially. The postorbital ridge is also low and wide, though it is more prominent, 
particularly laterally where it bifurcates to form a shallow fossa in the right orbit. The 
postorbital ridge also marks the anterior limit of the temporal fossa. There is no distinct 
orbitotemporal crest. The frontal extends into the temporal fossa about 33 mm 
posteriorly past the postorbital ridge and has a very strongly striate or pleated suture 
with the parietal. 
The ventral infraorbital foramen opens in the maxilla and the palatine. The cluster of 
foramina in the orbit may be for the frontal diploic vein. Details of the inner foramina 
of the frontal (foramen rotundum, optic foramen) are present but lacking some 
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definition. The ethmoid foramen is taken to mark the edge of the orbitosphenoid 
though there are no clear sutures. 
Parietal 
A narrow band of parietal crosses the vertex between the frontals and the nuchal crest 
(Figure 2-2, Figure 2-3). It is not possible to determine if this is parietal or interparietal 
as no sutures are discernible. The parietal carries no visible postparietal foramina. It 
forms the anterolateral wall of the braincase which is near tabular. Ventrally (Figure 
2-4, Figure 2-5), the parietal extends into the temporal fossa and has a striated contact 
with the frontal. A small nodule of parietal is also visible in the basicranium 
anteromedially to the body of the periotic when it is articulated in the skull.  
Squamosal 
The squamosal, when viewed dorsally (Figure 2-2, Figure 2-3), is primarily visible as 
forming the zygomatic process and forming part of the outer margin of the temporal 
fossa. The lateral edge of the zygomatic process is subparallel to the axis of skull. The 
process reaches to halfway between the nuchal crest and nasals and the dorsal crest is 
transversely rounded and anteroposteriorly thin. The ventral view of the zygomatic 
process (Figure 2-4, Figure 2-5) shows a steep external face and a concave ventral face 
with a fossa above the external auditory meatus, angled towards the postglenoid 
process. The apex of each zygomatic process is distant from the postorbital process of 
the frontal, by 15 – 25 mm. Though the skull is slightly distorted by compaction, these 
processes do not seem to be distorted, and the zygomatic and postorbital processes are 
likely to be naturally separate. The squamosal only forms a small part of the floor of the 
temporal fossa and does not extend to form part of the subtemporal crest which is 
instead formed by parietal, frontal and alisphenoid. 
The squamosal in the basicranium is complex (Figure 2-4, Figure 2-5). Here, the anterior 
portion of the squamosal has a slight ridge at the outer margin of the 
tympanosquamosal recess which marks the inner edge of the glenoid process. It also 
forms a robust and steep postglenoid process. The squamosal-alisphenoid suture is 
indistinguishable anteriorly at the subtemporal crest, and is still poorly defined past 
foramen 1, but seems to reach towards the foramen spinosum. The thin plate of the 
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falciform process is well developed and bifurcated. The anterior portion is thin and 
plate-like, running posterior and ventrally to the path of the mandibular nerve, which 
runs from the foramen ovale to the mandibular foramen. The posterior portion is mostly 
vertical and joins the spiny process. Both parts of falciform process are distally thin and 
show no contact with pterygoids. 
The periotic fossa is smaller than in the holotype of Waipatia maerewhenua (Fordyce, 
1994), above the periotic and lateral to the parietal. It is 14 mm long anteroposteriorly 
and 11 mm wide transversally. When placed in the periotic fossa, the periotic 
approximates the squamosal along its posterior process, lateral tuberosity and the base 
of the anterior process. The fossa primarily lies dorsal to the body of the periotic. The 
periotic fossa is divided by the supratubercular ridge which is a few mm anterior to spiny 
process. The foramen spinosum borders the ridge of the anterior of the periotic fossa. 
The posterolateral part of the basicranium formed by the squamosal is the auditory 
meatus and surrounding features.  The external auditory meatus is narrow and shallow 
medially and widens and becomes slightly deeper externally. The external auditory 
meatus is anteriorly separated from the tympanosquamosal recess by a sloped anterior 
meatal crest running from the post-glenoid process to the spiny process. The posterior 
meatal crest slopes more quickly, behind which lies the post-tympanic process which is 
part of the squamosal. There are three fissures in the post-tympanic process which 
receive ridges from the posterior processes of the bulla and posterior processes of the 
periotic and would have sutured with them there. The posterior process of the periotic, 
when in place, is 12 mm internal to skull wall, is covered by the posterior process of the 
bulla, and is hidden from lateral view showing that OU 22397 is amastoid. 
Supraoccipital, Basioccipital, Exoccipital 
The supraoccipital is more or less semicircular, slightly crushed, broad, roughly 
symmetrical and slightly concave with the lateral edges angling slightly upwards (Figure 
2-2, Figure 2-6). Anteriorly there is a thickening of the bone along the length of the 
nuchal crest of about 6 to 7 mm elevation. Medially, this crest is smoothly undulating. 
Laterally (Figure 2-6), the nuchal crest is thin and primarily consists of parietal. There 
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are four anterolateral depressions which lie just behind the nuchal crest on the 
supraoccipital which would have been the location of the muscle attachments. 
The basioccipital extends posteriorly from above the vomer which covers the 
synchondrosis with the basisphenoid. There is no discernible suture with alisphenoid 
or basisphenoid. Each basioccipital crest is short (45 mm) relative to basicranial length 
and is thick and robust. The posterior end of the crest extends beyond the base and is 
slightly hooked. 
The exoccipital has a flat posterior face, which is only slightly excavated by the dorsal 
and ventral condyloid fossae at base of the condyles’ pedicles. The condyle articular 
surface is small and gently rounded. The contact and sutures of the exoccipital and 
basioccipital with the supraoccipital and squamosal cannot be discerned. The likely 
location of the contacts with the basioccipital are at the base of the basioccipital crest 
in the jugular notch, by the hypoglossal foramen. Laterally the exoccipital contacts the 
post-tympanic process of the squamosal. The exoccipital has no distinct fossa for a 
posterior sinus in the robust paroccipital process. 
Alisphenoid, Basisphenoid, Orbitosphenoid 
The alisphenoid can be located as it forms the anterior margin of the foramen ovale 
(Figure 2-4, Figure 2-5). It forms much of posterior part of the pterygoid sinus fossa and 
part of subtemporal crest, though it is not visible in the temporal fossa. The suture with 
the squamosal is complex and, in sections, difficult to place anteriorly to the falciform 
process which the alisphenoid buttresses laterally at the base. This anterolateral part of 
the alisphenoid carries a broad, very shallow groove for the mandibular nerve (Vз) 
which extends laterally from the foramen ovale. The alisphenoid can be traced forward 
to within 7.5 mm of the basisphenoid-basioccipital synchondrosis. 
The basisphenoid is likely fused to the alisphenoid as no sutures are visible and the 
carotid foramen marks the likely limit with the basioccipital. The orbitosphenoid is 
indistinct but it is presumed that the lateral limit is shown by the ethmoid foramen. 
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Periotic 
The periotic description is mainly based on the right element (Figure 2-8, Figure 2-9), 
as the left periotic is still naturally cemented in place in the skull (Figure 2-4, Figure 
2-5). The periotic has a strongly tapered anterior process, and a small posterior process 
around a weakly dorsoventrally inflated pars cochlearis. 
The anterior process of the periotic sits at a 120° angle to the main body in lateral view 
and the process is roughly conical and elongated with the base slightly inflated. The 
anteroexternal sulcus is shallow and runs from the internal end of the prominent and 
C-shaped parabullary sulcus to the anterodorsal angle. The equivalent of the 
anterodorsal and anteroventral angles are prominent with the first being at the base of 
the process whilst the latter is the tip of the anterior process. The anterior bullar facet 
is a shallow groove with slightly raised smooth parallel margins which is 4 mm wide and 
8.8 mm long. The fovea epitubaria is posterior to the anterior bullar facet and is wide 
and shallow. The anterior keel is discernible but not prominent. The tubercle on the 
medial surface of the anterior process has tiny foramen. The anterior incisure is distinct 
and defined by a small ridge of bone below it on the edge of the pars cochlearis. 
The pars cochlearis is ventrally hemispherical, transversely compressed and longer than 
wide. The anteromedial corner is smooth and rounded whilst the posteromedial corner 
has a small nodule but is also well rounded and the medial margin between them is near 
flat with only a slight inflation. The internal acoustic meatus opens mediodorsally with 
the petrosal canal being a small notch at the anterior tip of the acoustic meatus. The 
internal acoustic meatus is wider posteriorly and narrow anteriorly making it pear-
shaped with a maximum length of 9.4 mm. The meatus contains 4 foramina or groups 
thereof: the proximal opening of the facial canal, the foramen singulare, the spiral 
cribriform tract and the area cribrosa media. The transverse crest goes between the 
foramen singulare and spiral cribriform tract. The fenestra rotunda is anteroposteriorly 
compressed with a transverse diameter of 4.5 mm and is arched with a nodular dorsal 
lip, producing a reniform shape. The aperture for the cochlear aqueduct is subcircular 
and small with a diameter of 2.3 mm. The aperture for the vestibular aqueduct is 
transversely long (3.6 mm). There is no evidence of a median promontorial groove and 
the posterolateral edge of the right periotic is damaged.  
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Figure 2-8. OU 22397, periotic in a. ventral view; b. dorsal view; c. lateral view and d. 
medial view. Specimen coated with sublimed ammonium chloride. 
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Figure 2-9. Line art overlayed on photographs of OU 22397, periotic in a. ventral view; 
b. dorsal view; c. lateral view and d. medial view. Specimen coated with sublimed 
ammonium chloride.  
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The body of the periotic carries the mallear fossa, which is well excavated and semi-
circular with a near straight posterior edge. The lateral tuberosity is weakly developed. 
A short, grooved facial crest arises from the posterior edge of the mallear fossa and 
extends to the anterior of the posterior process. The fossa incudis is discernible, though 
not strongly defined, posterior to the mallear fossa and lateral to the facial crest. The 
hiatus epitympanicus has a near straight anterior section and a strongly depressed 
posterior section. The fenestra ovalis is elliptical, elongate anteroposteriorly, is about 
3.8 mm across and retains the fractured stapes in place. The stapedial muscle fossa is 
rugose and deeply excavated with the posterior lip being high and a faint ridge 
separating it from the facial sulcus. The ventral foramen of the facial canal is small and 
rounded and posteriorly directed. The facial sulcus is obscured and extends along the 
anterior section of the posterior process’ posteromedial face, being distinguishable 
along about 6 mm. 
The posterior process is a slightly porous bone and in ventral view is an elongate 
polygon, with rounded rather than sharp edges, and wider anteriorly, and is 19.5 mm 
long and 13 mm wide. In both the left and right elements, the anterior portion is broken. 
The posterior apex is attenuated and in contact with the squamosal and exoccipital. The 
posterior bullar facet has two sections; the lateral being larger than the medial. The 
posterior bullar facet is smooth anteriorly, with two faint longitudinal grooves 
posteriorly. The articular rim is prominent at the lateral base of the posterior process 
and projects laterally.  On the dorsal part of the posterior process there are at least three 
posteroexternal foramina and a deep groove runs anteromedially to posterolaterally 
across it.  
Tympanic bulla 
The tympanic bulla is heart shaped in ventral or dorsal view (Figure 2-10, Figure 2-11) 
and has a convex lateral margin, a bilobed posterior face and a posteriorly straight to an 
anteriorly gently curved involucrum. There is no anterior spine or visible anterolateral 
notch on the bulla of OU 22397. The interprominential notch separates the blunter 
medial lobe and the slightly longer and narrower lateral lobe. This notch is deep, and 
ventrally passes into the median furrow which traverses about 29 mm of the ventral face 
of the bulla where the bone is covered in small pits. The interprominential notch also  
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Figure 2-10. OU 22397, tympanic bulla in a. ventral view; b. dorsal view; c. lateral view 
and d. medial view. Specimen coated with sublimed ammonium chloride. 
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Figure 2-11. Line art overlayed on photographs of OU 22397, tympanic bulla in a. ventral 
view; b. dorsal view; c. lateral view and d. medial view. Specimen coated with sublimed 
ammonium chloride.  
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has a low interprominental ridge between the lobes of the bulla. The involucrum is 
broad and marked by subparallel striae radiating from direction of the sigmoid process 
which would have carried some of the peribullary sinus. 
On the outer lip of the bulla the lateral furrow is well defined, and the mallear ridge is 
relatively large, low and oblique. On the crest of the outer lip, is preserved the so-called 
groove for the chorda tympani. Above them, when viewed laterally, the sigmoid process 
angles anteriorly as it connects to the outer lip; viewed anteriorly, the process is rounded 
dorsally. The malleus is in place close to the inner margin of the sigmoid process (Figure 
2-10, Figure 2-11). The conical process appears to be excavated with a small diverticulum 
that rises up from the tympanic cavity. The conical process has a near flat posterior face 
and contacts the posterior process at a narrow ridge which is probably the broken 
remnant of the outer posterior pedicle. The presence of two pedicle bases shows that 
the elliptical foramen bridged and complete in life, rather than a notch. The broken 
robust base of the inner posterior pedicle, on the apex of the involucrum, is mostly 
obscured by crushing of the outer lip. The dorsal view of the posterior process shows it 
sinusoidally curved with a medial facet and groove which is in contact with the posterior 
process of the periotic and a lateral surface with a rougher surface which contacts the 
skull. This lateral surface contacts the squamosal at the grooved surface of the post-
tympanic process matching the ridges and grooves of the posterior process and contacts 
the exoccipital posteriorly. In a lateral view of the skull, the posterior process of the 
bulla is visible ventral to the post-tympanic process. 
Mandible 
The right mandible (Figure 2-6) carries at least 16 alveoli with teeth #8 to 13 in place. 
The dorsal margin curves gently up towards the coronoid process whilst the ventral 
margin has two convex sections. The laterally inflated pan bone forms the wall of the 
mandibular fossa, or mandibular foramen. The mandibular fossa is surrounded by a 
shelf and does not extend to the margins of the mandible or excavate the condyle. The 
unfused symphysis is 195 mm long and the dorsal and ventral edges of the bone along 
it are roughly subparallel. The body of the mandible deepens behind the teeth, primarily 
forming the ventrally deepened pan bone. The mandibular foramen opens 119 mm 
anterior to the condyle; and 4 small mental foramina are present on the buccal face and 
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2 small gingival foramina are observed on the labial face of the mandible. The 
mandibular condyle is the most posterior point on the mandible and is at the 
dorsoventral midpoint of the bone. The coronoid and angular processes form the most 
dorsal and ventral points and are close, respectively 48.5 and 22 mm anterior to the 
posterior margin of the condyle.  
Teeth 
OU 22387 is a heterodont, polydont odontocete with 17 alveoli per rostral quadrant and 
16 per mandibular quadrant. Several isolated teeth occur with the skull (Figure 2-12), 
these being 16 single rooted teeth which include several tusk-like teeth and some of 
which are double-rooted and joined with an isthmus, as well as 5 truly double-rooted 
teeth. On the right side of the rostrum (Figure 2-13,a.,b.), 7 teeth are in place: 1 
broken/worn tusk, 1 single rooted, 1 vestigially-double single rooted and 4 double rooted 
teeth. On the left side of the rostrum (Figure 2-13, c., d.) are 3 tusks, 1 recurving single 
rooted and 4 double rooted teeth. In the right mandible 6 double rooted teeth are 
preserved in place (Figure 2-13, e., f.). 
The tusk-like teeth of OU 22397 are long, single rooted, horizontally oriented teeth, 
ranging in length from 82 mm to over 112 mm. Four of these tusks are still in place in 
the premaxilla and at least a further four were found loose. The tusk still attached to the 
right premaxilla is damaged in a way suggesting an in vivo break followed by wear to 
the presumed gum level.  The front three large tusks in the rostral quadrants are highly 
modified incisors placed in the premaxilla anterior to the suture with the maxilla. In the 
loose tusks, the root is about twice the length of the crown. The most complete root is 
82 mm long and the longest and most complete crown is 44 mm. The widest diameter 
of any of the tusks is 10 mm where the root is inflated below the crown. 
All the teeth, including minimally on the tusks, have margins/keels laterally, though 
they become more pronounced posteriorly in the mouth. From the front to back, the 
teeth trend from very large, conical and horizontal anteriorly, to small, labio-lingually 
flattened, triangular and vertical posteriorly. The 3 teeth following the tusks are still 
primarily conical though their edges are more prominent, and they are curved lingually 
(5~6 of these teeth are loose).  From the 7th tooth, they become more flattened and  
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Figure 2-12. Sequence of all the loose teeth of OU 22397. X-ray (left) and photograph (right) of each tooth. Most apical in upper left to 
most posterior in lower right.  
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Figure 2-13. Photographs of in situ teeth of OU 22397, coated with sublimed 
ammonium chloride. a. lateral right view of tusks in rostrum, b. lateral right view 
of postcanines in rostrum, c. lateral left view of tusks in rostrum, d. lateral left view 




Figure 2-14. Photographs of the vertebrae of OU 22397. a. atlas, b. axis, c. cervical 
C3, d. cervical Cx, e. thoracic Ta, f. thoracic Tb, g. thorasic Tc, h. thorasic Td, i. caudal 
Caa, j. caudal Cab, k. neural spine fragment, l. fragment of cervical(?). 
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triangular as well as being nearly vertical and double rooted (11 of such teeth are 
loose). Some of these have accessory denticles which are separated by fissures 
along the keel of the tooth, but the most posterior of the double rooted teeth have 
observable small denticles. All but the one tusk show minimal wear of the enamel, 
with no obvious attrition or abrasion facets present. The SEM images also show 
that the enamel on the cheek teeth is on average 80µm thick. A longitudinal 
section of the Micro-CT scan shows evidence of six lines of arrested growth and X-
ray images (Figure 2-12) of the loose teeth show evidence of a large pulp, cavity 
suggesting the animal was young when it died.   
Atlas 
A fragment of the atlas preserves (Figure 2-14, a.): part of the right condyloid 
(anterior) and posterior articulation facets, the right lower transverse process, the 
lower margin of the right upper transverse process and a small part of the surface 
bone of the hypapophysis. The atlas is not fused to the axis and the fragment has a 
maximum anteroposterior thickness of 49 mm. The lower transverse process is 
small, projects laterally 7 mm, and forms a ~25 mm long ridge along the side of the 
atlas. The condyloid facets are deep and face down at an angle of about 30-35° to 
the plane of the flat articular facets of the axis. The hypapophysis may project 
posteroventrally though this is difficult to confirm due to the fragmentary 
preservation. 
Axis 
The axis (Figure 2-14, b.) is not fused to adjacent vertebrae. The epiphyses are 
closed to the body and the anterior articular facets seem to meet under the 
odontoid process as they are not internally delimited by ridges. The neural spine 
is thin and recurved posteriorly; it is 61 mm long from the tip to the top of the 
neural arch, 21 mm at its deepest point (anteroposteriorly) and 12 mm wide. It also 
carries a very thin edge of bone dorsally and has a small fossa at its base posteriorly. 
The neural arch curves dorsally and becomes wider posteriorly. The neural canal 
in anterior or posterior view is wider ventrally and sub-triangular. The transverse 
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processes project dorsolaterally and are 12 mm wide anteroposteriorly and 20 mm 
thick dorsoventrally; they carry no vertebraterial canal. The transverse processes 
are thin relative to those of Otekaikea huata. The odontoid process projects 
forward 9 mm. Each post-zygapophysis extends posteriorly 11 mm, is triangular and 
18.5 mm wide at its base and is dorsoventrally 8 mm thick. 
Other cervical vertebrae 
Three other cervical vertebrae have varying levels of preservation; one is well-
preserved (Figure 2-14, c.), one is crushed and covered with limonite (Figure 2-14, 
d.) and the third is fragmentary (not figured). The most complete is likely C3 but it 
is not possible to determine the position of the other two. For ease of reference, 
the second best preserved cervical is referred to as Cx. C3 and Cx both have low 
neural spines, and dorsoventrally thin neural arches which are 4.5 mm thick. Cx 
has a rounded, pentagonal neural canal.  C3 has a sub-triangular neural canal and 
has thin, ventrolaterally projecting, anteroposteriorly concave, transverse 
processes which are 23 mm tall and 11 mm wide at the widest point. These 
transverse processes also lack vertebrarial canals but have a depression containing 
small foramina on their posterior surface. C3 has a low sagittal ventral keel and low 
sagittal dorsal keel between the grooves in the neural canal. 
Thoracic vertebrae 
Four thoracic vertebrae (Figure 2-14, e.-h.) are labelled Ta-d from the most anterior 
to most posterior. Considering the vertebrae in the anterior-posterior order, the 
neural spine becomes taller and wider anteroposteriorly, as the body becomes 
longer. The anterior thoracic vertebrae (Ta-b) have wider than tall neural canal, 
short body, and anteroposteriorly thin neural arch whilst the posterior thoracic 
vertebrae (Tc-d) have a taller than wide, pentagonal shaped neural canal; longer 
body, anteroposteriorly wider neural spine and the transverse processes originate 
more dorsally on the neural arch. In all the thoracic vertebrae, the transverse 
processes are poorly preserved but robust. In Tb and Tc, the fovea on transverse 
processes are visible, and in Tb,c,d  the fovea in the vertebral body is visible. 
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Caudal vertebrae 
Two caudal vertebrae (Figure 2-14, i., j.) from the anterior part of the series are 
preserved: Caa and the more posterior Cab. The neural spine of Caa is longer than 
that of Cab. In both vertebrae, the facets for the chevrons/haemal arch are difficult 
to discern and the transverse processes poorly preserved. In both vertebrae the 
centra are as long or longer than they are tall, and the neural canal is tall and 
narrow. 
Ribs 
There are three complete ribs and four fragments preserved for specimen OU 
22397 (Figure 2-15). The complete ribs are labelled Ra-c, which are all double 
headed anterior ribs, whilst the fragmentary ribs are labelled Rd-g. The length of 
the ribs along the outer edge of their arc are; Ra=210 mm, Rb=272 mm, Rc=321 mm 
and their tubercles are Ra=84 mm, Rb=110 mm, Rc=79 mm, the ribs are wider than 
they are thick. 
 
Figure 2-15. Photographs of the ribs and intervertebral disks of OU 22397. 
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DISCUSSION 
The skull of OU 22397 provides insight into the putative feeding behaviours of the 
species, due to the excellent preservation of skull and mandibles. The rostrum of 
OU 22397 is long, representing 66% of the condylobasal length, which defines it 
as a longirostrine species (rostral index 0.66, following McCurry and Pyenson, 
2019). The anterior 22% of the rostrum comprises the premaxilla extending past 
the maxilla.  
The rostrum of OU 22397 is dorsoventrally flattened, with its height under half of 
its width along the entire length. OU 22397 is a heterodont odontocete with 17 
teeth per upper quadrant and 16 per lower quadrant. The anterior teeth are highly 
procumbent: long conical tusks with long roots. Posterior teeth are shorter, 
recurved inwards, the crowns are triangular and double rooted. There was no 
evidence of wear on any of the teeth other than on the right rostral I2. This tooth 
shows evidence of having been broken during the animal's life and then worn. The  
 
Figure 2-16. Micro-CT in longitudinal view of cheek tooth scan of OU 22397. 
Arrows showing GLGs, leftmost arrow shows the cement-dentine line. 
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length and narrow shape of the rostrum suggest it could have been used in 
raptorial feeding, with minimal suction feeding for prey manipulation and 
transport (Werth, 2006). The long mandibular symphysis suggests these dolphins 
were only able to capture and consume prey of a smaller size (Walmsley et al., 2013; 
McCurry et al., 2017b, 2017a).   
Micro-CT images in longitudinal view from scans of a cheek tooth of OU 22397 
(Figure 2-16), show six putative growth layer groups, suggesting the animal was 
likely mature but young when it died. The young age of the animal was further 
supported by the wide pulp cavities observed in X-rays. The cervical vertebrae were 
also unfused, though this is not necessarily ontogenetic. This would have allowed 
a broad range of movement including lateral, dorsoventral (Okamura and 
Fujiwara, 2020) and greater rotational movement of the neck (Pilleri, 1972; 
Buchholtz, 2001; Smith and Burrows, 2010).  
 
Figure 2-17. Tooth and fragment from which SEM images were obtained. Enamel 
ultrastructure in OU 22397 viewed at different magnifications. (EDJ = enamel-
dentine junction; OES – outer enamel surface; PL = prismless; R = radial). 
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The results of the SEM imaging of an enamel fragment showed that OU 22397 had 
thin enamel of about 80 µm thick (Figure 2-17). It was constituted of radial enamel 
covered by a thin outer layer of prismless enamel of an average of 17 µm thick 
(about 20% of the total enamel thickness). As seen in Figure 2-17, the enamel and 
dentine are heavily altered, likely by diagenesis during fossilisation. 
The anatomy of OU 22397 provides insight into an unusual and possibly unknown 
feeding method. The novelty of this is supported by several lines of evidence.  
The rostral ratio of OU 22397 at 0.66 defines it as longirostrine (McCurry and 
Pyenson, 2019), similar to the index of river dolphins (e.g. Platanista gangetica) or 
of the snout of gavialids (e.g. Gavialis gangeticus). Its proportions are slightly 
different to those of its closest living relative, P. gangetica. The rostrum of OU 
22397 is dorsoventrally flattened, whilst that of P. gangetica is medioventrally 
compressed. Such differences in form have been shown to significantly affect the 
types of movements which cause strain on the bones. McCurry and Pyenson (2019) 
discussed the influence of rostral shape; mediolaterally compressed rostra have less 
resistance when moving vertically and dorsoventrally compressed rostra have 
lower stress when moving horizontally. Similarly to Zarhachis and Pomatodelphis, 
OU 22397 has a dorsoventrally flattened rostrum which likely experienced lower 
resistance in the water column when moved laterally rather than dorsoventrally 
(McCurry and Pyenson, 2019).  
The long mandibular symphysis of OU 22397 is similar to those of river dolphins 
and gavialids. Long mandibular symphyses and rostra have been associated with a 
reduced ability to apply strong anterior bite forces and to twist or shake prey items 
(Walmsley et al., 2013; McCurry et al., 2017a, 2017c, 2017b). Longirostrine animals 
are capable of applying significant biting forces at the posterior section of their 
mouths (McCurry et al., 2017c), suggesting raptorial feeding and consumption of 
smaller prey, likely no wider that 15 cm (McCurry et al., 2017b).  
The lever action of the mandible is also important to consider. In dolphins, the 
primary muscle involved in closing the mouth is the temporalis which connects 
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the coronoid process to the temporal fossa. The size of the temporal fossa is often 
used as a proxy for the size and strength of the temporalis muscle (Kurihara and 
Oda, 2009). Though it only represents the width of the temporal fossa the 
equation from the Kurihara & Oda (2009) paper is used as it is the only one tested 










Fout – Force of mandible shutting at the defined end point of the lever  
 Lin – In-lever arm – Length between midpoint of the base of the coronoid process 
to the posterior of the mandibular condyle 
Lout – Out-lever arm – Length between point of force going out and the posterior 
of the mandibular condyle 
ZW – Max zygomatic width  






is the surface area in mm2 of attachment for the temporalis representing 
the force applied to the in-lever, or Fin.  
This equation does not consider the effect of the angle of the temporalis on the 
movement. The greater the angle, the more reduced the in-force is.  
With this equation, the force output at distances along the length of the jaw can 
be estimated:  
Anterior most point of the mandible tooth row ∝ 617N 
Mid-point of the mandible tooth row ∝ 885N 
Posterior most point of the mandible tooth row ∝ 1423N 
To get an idea of velocity (vin and vout) of the lever action, we can use the equations 
which state that FoutLout= FinLin and that vinLout= voutLin. This also expresses that 
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force is inversely proportional to velocity. From this we can determine that Fin∝ 
4080N and that the tip of the mandible moves 6.6 times faster than the condyle 
attachment point of the temporalis. For comparison, the tip of Waipatia 
maerewhenua’s (Fordyce, 1994) mandible would have moved 5.05 times faster than 
the condyle attachment point of the temporalis, and for Platanista gangetica, it is 
about 7.01 times faster. This places OU 22397 between W. maerewhenua and P. 
gangetica with regards to proportional jaw closing speeds and suggesting that OU 
22397 was possibly more of a snapper than W. maerewhenua.  
The teeth of OU 22397 are unique and unlike anything seen in cetaceans today. 
The closest analogues are sawfish and sawsharks which have long flattened rostra 
with edges lined with tooth-shaped scales. Recent studies showed evidence that 
these fish use their ‘saw’ to slash prey items in order to injure or kill (Wueringer et 
al., 2012; Nevatte et al., 2017). Billfish do not have teeth along their rostra (more 
homologous to the posterior two thirds of the rostrum of OU 22397) and use their 
bill to stun or injure prey (Habegger et al., 2015). It has also been suggested that 
billfish use their specialised rostra for defence and to fend off predators (Habegger 
et al., 2015).  
The lack of attritional or occlusal wear on the teeth of OU 22397 would exclude 
some feeding strategies, such as using the teeth to find prey in soft sediment, as 
this would cause significant wear of the enamel (Loch et al., 2011; Loch and Simões-
Lopes, 2013). The teeth are also too thin and gracile to be used to process large 
prey. The broken right rostral I2 indicates that the animal experienced tooth 
fracture. The suggestion that OU 22397 could have also used its tusks in sexual 
display, as in narwhals (Heide-Jørgensen, 2018), or as an intermittent form of 
defence against predators, could explain the fracture observed here. It does appear 
that the tooth was broken down to the gum line and the margins were later worn 
and smoothed. 
The enamel of OU 22397 is amongst the cetaceans considered to have thinner 
enamel (Loch et al., 2013, 2015). The simple structure of radial prisms covered in a 
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thin layer of prismless enamel is similar to that of the Otekaikea sp. OU 22306 
studied by Loch, Kieser and Fordyce (2015). This enamel Schmelzmuster (the 
spatial distribution of enamel types) is considered more resistant to attrition and 
abrasion (Maas and Dumont, 1999; Koenigswald, 2020) whilst the absence of 
Hunter-Schreger bands suggests a lower resistance to high occlusal loads 
(Koenigswald and Pfretzschner, 1991; Koenigswald et al., 2010). This data further 
supports the idea that OU 22397 was a raptorial feeder which would have likely 
rapidly consumed its prey after limited food processing and may have primarily 
consumed soft-bodied animals. 
Micro-CT scans of the teeth show six growth layer groups (GLGs). P. gangetica, the 
extant species most closely related to OU 22397, is suggested to reach sexual 
maturity around the age of 10 years old (Brownell, 1984), and physical maturity 
around 18 to 20 years for males (Kasuya, 1972). Taking this into account, it is 
probable that the specimen analysed here is an immature adult of the species.   
It is also important to note that the cervical vertebrae of OU 22397 are unfused, 
allowing a greater range of head movement in dorsoventral and lateral planes. This 
is seen in modern species such as monodontids and river dolphins (Buchholtz, 
2001; Smith and Burrows, 2010; Okamura and Fujiwara, 2020).  
Morphological characteristics of OU 22397 and related tuskers such as Ediscetus 
osbornei suggest these animals used their rostrum and horizontally procumbent 
teeth to injure and stun prey using swift lateral movements of the head. This would 
make prey easier to capture and eat and could explain the minimal wear observed 
on the cheek teeth. The tusks could also be used for occasional defence against 
predators such as the contemporary shark Carcharodon angustidens (Gottfried and 
Fordyce, 2001), which could be linked to the broken incisor of this specimen.  
Many uncertainties remain regarding the functional implications of the unusual 
feeding apparatus of OU 22397. Further study of contemporary species and 
description of other tusked specimens will shed further light on this topic.  
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3 .  Chapter 3 
Dimorphic Dentition: A new 
Oligocene dolphin with partially 
erupted tusks 
INTRODUCTION  
Much like OU 22397, presented in chapter 2, OU 22126 is a dolphin with tusk-like 
teeth which has garnered significant attention since its discovery in 1992. OU 
22126 differs from OU 22397 in several features including size, skull shape and 
incisor eruption. In this chapter a second new genus and species are defined 
providing more to the known diversity of “tusked” dolphins. This chapter also 
considers the potential reasons for differences in “tusk” eruption in OU 22126 as 
well as the suggestion historically made regarding these dolphins belonging to the 
family Dalpiazinidae. 
In this chapter a formal description of OU 22126 is provided and finalised. This 
specimen was provisionally described in a BSc honours dissertation "Fossil 
dolphins (Odontoceti) from the Otekaike limestone (Duntroonian to Waitakian 
stages) near Tokarahi, North Otago, New Zealand" (Samson, 1992). Samson 
provided a preliminary description of the specimen and hypothesised that OU 
22126 belonged to the family Dalpiazinidae, which is no longer thought to be likely. 
The possible partial eruption of both I1s from the premaxilla is also considered, 
particularly in light of the fact that OU 22126 is thought to be a young adult 
specimen, from the closed sutures in the skull. This retention of teeth is 
reminiscent of that observed in female narwhals  and ziphiids which carry 
unerupted teeth whilst their male counterparts have enlarged tusks (Nweeia et al., 
2009, 2012; Heide-Jørgensen, 2018). This could imply sexual dimorphism in OU 
22126, and the hypothesis that the specimen is female. 
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In this chapter, a new species and genus are described with OU 22126 as the 
holotype. An overview of the geology is presented, as well as the diagnosis and 
description of this new species. This is followed by a discussion of relationships to 
the family Dalpiazinidae, as well as an investigation of the functional morphology 
of the teeth of OU 22126. 
MATERIALS AND METHODS 
OU 22126 was collected by R. E. Fordyce, A. Grebneff, C. Samson and G. Ferguson 
in late January 1992 from the Pringle farm opposite Island Cliff across the 
Awamoko Valley, Tokarahi, in Northern Otago, New Zealand (44.95°S 170.65°E) 
(Figure 3-1). Details regarding the fossil collection are available on the New Zealand 
Fossil Record File Database (www.fred.org.nz) under fossil record number 
I41/f0198 (and I41/f0129). Preparation was carried out by A. Grebneff using 
pneumatic chisels and hand tools under a Zeiss SR binocular microscope. 
Photographs of the specimen were taken with a Nikon D800 DSLR camera and a 
60 mm micro lens.  
As in Chapter 2, the nomenclature for the skull follows Mead and Fordyce (2009), 
unless otherwise mentioned. All measurements were made using Vernier callipers 
and are given to the closest 0.5 mm. The description is carried out using whichever 
side, left or right, of the various elements is most complete and possible to 
examine.  
Systematic palaeontology 
CETACEA Brisson, 1762 
ODONTOCETI Flower, 1867 
gen. 2 et sp. 2 nov. 
See Chapter 5 for phylogenetic position 
Holotype OU 22162 is a near-complete skull, missing primarily its left nasal as well 
as both lacrimojugals and pterygoids. Both tympanoperiotics and sets of ossicles 
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are present (other than the right stapes which has been lost): the left earbones are 
still in place in the skull whilst the right are now excavated and ex-situ to allow 
further description.  Six tusk-like teeth are in place in the rostrum and a further 16 
teeth are loose. The right nasal is loose and detached from the skull. No mandibles 
or postcranial material was recovered with the specimen. 
 
Figure 3-1. Locality map of ‘‘Pringle farm’’ site (bottom left), on the South Island of 
New Zealand, and stratigraphic section (bottom right) showing the estimated 
horizon of OU 22126. Map adapted from Gottfried and Fordyce (2001). 
Type locality & Horizon. The holotype specimen was found at the top of a cliff 
overlooking the north-western bank of the Awamoko stream (Figure 3-1). The 
specimen was retrieved from glauconitic Otekaike Limestone, with the sediment 
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being a calcarenite, fine light yellow-white sand, bioclastic limestone. It was found 
stratigraphically higher than Awamokoa tokarahi (Tanaka and Fordyce, 2017), 
which was retrieved from the transitional lithology between the Kokoamu 
Greensand and Otekaike Limestone, with a suggested age of 25.0-25.4 Ma. 
Foraminifera from the matrix of OU 22126 include specimens of the planktonic 
Globoquadrina dehiscens with a first appearance datum at the start of the 
Waitakian stage, indicating that the dolphin is no older than 25.2 Ma (Raine et al., 
2015) and likely closer to 24-23 Ma. 
Diagnosis. OU 22126 is a gracile, longirostrine, polydont, heterodont odontocete. 
Its long rostrum carries long, procumbent anterior tusk-like teeth and small, very 
slightly denticulate cheek teeth. The premaxilla forms the anterior 30% of the 
dorsoventrally compressed rostrum. It has asymmetrical antorbital notches, and a 
short, rounded cranium. It has long thin splint-like extensions of the premaxilla 
reaching past the posterior margin of the nasals and stretch along 84% of the 
condylobasal length (CBL). It has an alveolar grove running along the outer edge 
of the maxilla. The crowns of the I1s are both over 1.75 times the length of the I2s 
on either side. It has a narrow mesorostral groove and wide maxillary flanges. OU 
22126 differs from Waipatia maerewhenua in having a much smaller cranium, 172 
mm wide and 153 mm long versus Waipatia’s 246 mm long and 251 mm wide. OU 
22126 also has a narrower more dorsoventrally flattened rostrum and less 
differentiated cheek teeth than W. maerewhenua. OU 22126 differs from Otekaikea 
in having a lower vertex, less expanded premaxilla on the face and a broader 
posterior process of the periotic. OU 22126 differs from Ediscetus in having less of 
an intertemporal constriction, a lower temporal crest, less inflated premaxilla and 
quadrangular nasals rather than triangular. OU 22126 differs from OU 22397 in 
having fewer tusk-like teeth, shorter I2 and I3s, less of an intertemporal 
constriction, an anteroposteriorly shorter vertex and more rounded zygomatic 
processes which reach further forward towards the postorbital processes. OU 
22126 also has more than OU 22397’s 17 teeth per quadrant, a more rectangular 
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The skull of OU 22126 is near complete, missing the left nasal, most of 
lacrimojugals other than their anterior bases and most of the pterygoids. There is 
minimal burial-related shear and distortion though some crushing of the posterior 
of the cranium is evident. There is mild asymmetry of the supraorbital portion of 
the frontals, of the antorbital notches and of the zygomatic processes of the 
squamosals.  
Rostrum 
The rostrum is straight in both lateral and dorsal views (Figure 3-2, Figure 3-3, 
Figure 3-6). It comprises 69 % of the condylobasal length, is relatively wide at the 
level of the antorbital notches and tapers quickly. The premaxilla forms the 
anterior 27% of the rostrum. The mesorostral groove is open, with the vomer not 
visible dorsally due to sediment. Thin, sharp-edged maxillary flanges are present 
posteriorly on the rostrum. The ventral surface of the rostrum (Figure 3-4, Figure 
3-5) carries deep sulci laterally to the sutures of premaxilla and maxilla with the 
vomer. Though relatively planar anteriorly, the rostrum becomes convex 
posteriorly. The alveoli are poorly defined and form irregular alveolar grooves on 
each side of the rostrum, extending on to the anterior edge of the maxillary flange. 
Cranium 
The cranium of OU 22126 is slightly wider (173 mm) than it is long (152 mm). It 
has a narrow and flat vertex, and its facial fossae 
 are shallow and angled outwards, medially to the nares. The posterior region of 
the cranium is formed by a semi-octagonally shaped convex supraoccipital (Figure 
3-2, Figure 3-3, Figure 3-7). In  
54 
 
Figure 3-2. Skull of OU 22126 in dorsal view, coated with sublimed ammonium chloride. 
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Figure 3-3. Skull of OU 22126 in dorsal view, coated with sublimed ammonium chloride, overlaid with line drawing. Diagonal hatching 
indicates damaged and unclear areas. 
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dorsal view, the narial passages are level with orbits, and in lateral view the orbits lie 
above the ventral surface of the rostrum. Ventrally (Figure 3-4, Figure 3-5), the 
preorbital and postorbital processes are prominent, the orbit is narrow and shallow, 
becoming deeper posteriorly and the orbitotemporal crest is straight and partly roofs 
the temporal fossa. The temporal fossa of OU 22126 opens posteriorly and is sub-
vertical. The ventral surfaces of the zygomatic processes are roughly level with the orbit, 
with the tips nearly reaching the postorbital processes. The pterygoid sinus fossae are 
well preserved and clearly defined as the basicranium is minimally damaged though the 
pterygoids themselves are missing. 
Premaxilla 
The premaxilla forms the apical 30% (99 mm) of the rostrum and is narrowest 85 mm 
from the tip. The sutures with the maxilla are clear both dorsally and ventrally, and the 
premaxillae do not roof the mesorostral groove anterior to the level of the premaxillary 
foramen. The premaxillae each carry three incisors: one large part-erupted tusk-like 
tooth and two smaller tusk-like teeth. There is no significant internarial constriction 
and the premaxillary sac fossae are on a slight angle of about 20° from the horizontal 
axis of the skull in lateral view. There is no clear premaxillary cleft and the nasal plug 
muscles likely originated from the rougher surface of the premaxilla between the nares 
and premaxillary foramen. The premaxillary splints are slightly asymmetrical, thin and 
extend past the nasals and the frontal at the vertex. The premaxillary plates do not 
extend past the anterior of the nasals. There are two premaxillary foramina on the right 
premaxilla and one on the left, all anterior to the maxillary flange. The anteromedial 
sulcus is short and the posterolateral sulcus is long and fades into the maxilla. Both are 
pronounced whilst the posteromedial sulcus is indistinct. There are two further sulci in 
the anterior part of the premaxilla, with no visible associated foramen. 
Maxilla 
The maxilla of OU 22126 is slightly eroded and damaged post-mortem at the anterior 
part of the rostrum (Figure 3-4, Figure 3-5). The cranial portion of the maxilla does not 
fully cover the frontal, leaving the edge of the orbit and orbital processes exposed. 
Posteriorly, the maxilla does not contact the supraoccipital, as it is separated by a thin 
strip of the frontal. It also does not contact the nasals due to the presence of the  
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Figure 3-4. Skull of OU 22126 in ventral view, coated with sublimed ammonium chloride. 
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Figure 3-5. Skull of OU 22126 in ventral view, coated with sublimed ammonium chloride, overlaid with line drawing. Diagonal hatching 
indicates damaged and unclear areas. 
 
59 
premaxillary splint. There is no maxillary crest or thickening over the orbits. Each 
maxilla carries one dorsal infraorbital foramen, and they carry four foramina in the 
maxilla anterior to the antorbital notch on the right and three on the left side, with 
one on each side being larger than the others. Dorsally, the suture with the frontal 
is very distinct anteriorly and discernible posteriorly. There is a clear maxilla-
premaxilla suture, but the dorsal maxilla-lacrimal suture is indistinct. 
Ventrally, the maxilla forms most of the rostral surface. The eroded section of the 
maxilla is also more visible in this view, where the maxilla appears to be thinning 
before abruptly stopping after post-canine 1 (PC1). The suture with the palatine 
and surrounding the infraorbital foramen is mostly closed. The anterior and lateral 
edges of the infraorbital foramen are formed by maxilla whilst the medial and 
posterior margins are formed by the palatine. Minor wear on the left side reveals 
where the lacrimal underlies the maxilla. Anteriorly, the two maxillae are separated 
by a long and narrow vomerian window and each side carries a long palatine sulcus. 
The maxillary flanges are flattened ventrally, rising slightly to meet the 
lacrimojugal. Finally, the maxilla carries a long alveolar groove which ends 47 mm 
anterior to the antorbital notch and may have carried up to 20 teeth per quadrant, 
plus the three incisors on each premaxilla. 
Palatine 
The palatine is exposed in the posterior of the palate, extending from the 
posterolateral edges of the nares to 11 mm posterior to the end of the tooth row. 
Anteriorly, the palatine plates are separated by a shallow groove and carry distinct 
sinus fossae anterolateral to the nares. The palatine forms the anterior and lateral 
walls of the nares, though it would have once been partially covered ventrally by 
the pterygoids. There are no discernible palatine foramina. The palatine contact 
with the maxilla is variably discernible along its length. The palatine contact with 
the vomer posteriorly being tentatively apparent and the palatine contact with the 
frontal is likely at the posterior region of the nares. 
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Pterygoid 
Though the pterygoids of OU 22126 are mostly missing, they would have lined the 
lateral and posterior walls of the nares. The anterior portion of the pharyngeal 
crests would have been formed of pterygoid, with the pterygoid sinuses laying 
laterally to them. The pterygoids also contact the vomer posteromedially to the 
nares and medially to the pharyngeal crests. 
Nasal 
Only the right nasal of OU 22126 is preserved, displaced from the skull (Figure 
3-12). In dorsal view, the posterior margin of the nasal is convex and runs smoothly 
into the medial margin, the anterior margin is mildly sinusoidal, and the lateral 
splint protrudes anteroventrally. In medial view, the dorsal surface is flat, and the 
posterior margin is subvertical and rugose where it contacts the frontal. The 
greatest anteroposterior length of the dorsal surface of the nasal is 16 mm. The 
anteroposterior length of the splint of the nasal is 16 mm. The mesolateral width 
of the nasal is 24 mm with the splint and 21 mm without. The greatest dorsoventral 
thickness is 11 mm and the smallest is 9.5mm. In dorsal view, the nasals would have 
formed a point anteromedially. When positioned in the skull, the nasal contacts 
the frontal posteriorly, the premaxilla laterally and the ethmoid ventrally, and does 
not roof over the nares, starting about 15 to 20 mm posterior to the narial opening. 
Ethmoid 
In OU 22126, the ethmoid complex is clearly visible due to the displaced nasals. 
The ectethmoid forms the posterior wall of nares dorsally and has concave surfaces 
both anteriorly and posteriorly whilst convex medially. The mesethmoid is 13 mm 
wide between the nares and rises behind the mesorostral groove to underlie the 
nasals.  
Vomer 
Dorsally, the vomer is visible only at the posteriormost end of the mesorostral 
groove. It forms the lateral walls of the mesorostral groove and the medial walls of 
the nares, contacting the mesethmoid. The vomer is thin laterally at the level of 
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the nares, and is about 1-2mm, and has been pierced during preparation or 
extraction.  Ventrally, it is visible in the 126 mm long and up to 9 mm wide 
vomerian window. The window opens 156 mm posterior to the tip of the rostrum. 
Further posteriorly, the vomer emerges from under the palatine at the level of the 
anterior of the nares and extends posteriorly to reach the basioccipital with a 
concave contact. This posterior portion of the vomer carries a thin and tall 
vomerine crest, to which the pterygoids and hamulus would have attached. 
 
 
Figure 3-6. Photographs of skull of OU 22126 in lateral views, coated with sublimed 
ammonium chloride. Corresponding line drawing of skull. 
Lacrimojugal 
The lacrimojugal is exposed only in a small area of the skull ventrally and laterally. 
The lateral exposure forms a very small portion of the medial wall of the antorbital 
notch, just posterior to the maxillary flange. The ventral exposure is 5.5mm thick 
dorsoventrally. It extends medially towards the palatine and is significantly 
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covered by the maxilla. The lacrimojugals on both sides preserve only a fragment 
of the jugal. The base of the styliform process of the jugal is thin and likely extended 
from anterior to the antorbital notch to the anterior tip of the zygomatic process 
of the squamosal. 
Frontal 
The dorsal surface of the frontal is extensively covered by maxilla. There is minor 
asymmetry between the left and right frontals. The right orbit sits slightly farther 
forward than the left and has a more laterally expanded postorbital process, 
making the lateral edge of the right orbit more excavated, likely due to post-
mortem deformation. The contact between the frontal and maxilla is more clearly 
discernible on the right than left side, where the maxilla does not extend as far over 
the frontal. The contact with the parietal is not visible dorsally but an interfrontal 
suture is visible at the vertex. At the vertex, the frontals are near horizontal, only 
angling upwards slightly at the front. They are about 55.5 mm wide and 19.5 mm 
deep anteroposteriorly. There is some asymmetry, with a smooth triangular wedge 
of frontal present between the vertex and premaxillary splint on the left. The 
surface of the frontals at the vertex is rugose, perhaps for the attachment of 
connective tissues. The frontals at the vertex have a near-straight anterior margin, 
with a minor internarial process. The posterior margin of the frontals is also 
straight. 
Ventrally, the frontals form the orbits and the anterior of the temporal fossae. The 
orbits are low and shallow; the left one is 56 mm long from the antorbital to 
postorbital processes and the right one is 53.5 mm long. The preorbital and 
postorbital processes extend past the most medial part of the orbit margin by 
between 6 and 12 mm, with the processes on the right being longer than on the 
left. The preorbital and postorbital ridges are low, with the postorbital ridges 
becoming higher and more crest-like medially and marking the anterior margin of 
the temporal fossa. There is no distinct orbitotemporal crest and the frontals 
extend about 26 mm into the temporal fossae, past the postorbital ridge. The 
frontoparietal suture is visible on the right temporal fossa as a simple suture along 
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its entire length. The cluster of small foramina in the orbit may be for the frontal 
diploic vein. The sphenopalatine foramen is posterior to the infraorbital foramen. 
On both sides, the anterior and medial walls of the sphenopalatine foramen are 
formed of palatine, the posterior wall is formed by orbitosphenoid and the frontal 
forms the anterior wall. The optic canal is outlined by two walls 9 mm apart, the 
anterior wall formed by orbitosphenoid and the posterior wall formed by the 
frontal. 
Parietal 
Dorsally, the only portion of visible parietal is a bilaterally small triangle lateral to 
the nuchal crest which forms the anterolateral wall of the braincase. There is no 
identifiable interparietal and no post-parietal foramen is present. Ventrally, the 
parietal forms the posterior portion of the temporal fossa and has a smooth contact 
with the frontal. A bilaterally small sliver of parietal is present on the basicranium, 
lining the lateral margin of the cranial hiatus and contacting the squamosal and 
alisphenoid. 
Squamosal 
Dorsally, the main parts of squamosal are the zygomatic processes. The lateral 
edges of zygomatic processes are near straight and subparallel to the axis of the 
skull, angling slightly anterolaterally. The anterior tips of the zygomatic processes 
reach just past the anterior margins of the nasals. The anterior tip of each of the 
zygomatic processes is about 4-5mm apart from the postorbital process which are 
naturally separate. Their dorsal crests are rounded and smooth, with a convex 
dorsal surface when in lateral view, and a concave ventral surface. The ventral view 
of the zygomatic process shows an excavated ventral surface, lined laterally by a 
sharp crest. There are multiple grooves and lacuna just dorsal to the external 
auditory meatus. The squamosal forms some of the posteroventral portion of the 
lateral wall of the temporal fossa and contacts the parietal but does not form part 
of the subtemporal crest.  
In the basicranium the squamosal is intricate. The glenoid fossa excavates the 
64 
zygomatic process, and a low ridge defines its inner margin and separates it from 
the tympanosquamosal recess which lies lateral to it. A robust postglenoid process  
 
Figure 3-7. OU 22126 skull in anterior view and posterior view; coated with 
sublimed ammonium chloride.  
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sits posterior to the fossa. The anterior squamosal-alisphenoid suture lies just 
below the falciform process and runs anteriorly into the temporal fossa. The 
posterior suture runs along the anterior margin of the periotic fossa. The falciform 
process is well developed and thin. The anterior portion is plate-like and contacts 
the anterolateral portion of the bulla. There is a foramen in the anterior third of 
the falciform process which would have allowed the mandibular nerve to run from 
the foramen ovale to the mandibular foramen. The posterior portion of the 
falciform process is subvertical, lower and slightly thicker and carries a small divot 
just anterior to the spiny process, which would have accommodated the sigmoid 
process of the bulla. The falciform process shows no suggestion of contact with the 
pterygoid. 
The periotic fossa is well-developed and large, laying dorsal to the periotic and 
lateral to the parietal splint. It is about 26 mm long anteroposteriorly and 15 mm 
wide transversally. When placed in the fossa, the periotic laterally contacts the 
squamosal along its body and posterior process. The fossa lies dorsally to the lateral 
part of the periotic, not supporting the pars cochlearis. The supratubercular ridge 
partially divides the fossa, sitting a few mm anterior to the spiny process. The 
foramen spinosum lies at the lateral edge of the periotic along the squamosal-
parietal suture. The posterior part of the squamosal contacts the exoccipital at the 
posterior end of the posttympanic process. The external auditory meatus is deep 
and narrow medially and widens and deepens laterally. It is separated from the 
glenoid fossa and tympanosquamosal recess by a tall anterior meatal crest which 
runs from the postglenoid process to the spiny process and slopes down medially. 
The posterior meatal crest is shorter and near horizontal. The ventral surface of 
the post-tympanic process is rough and uneven, and opposed to the posterior 
process of the bulla which attaches to it. The posterior process of the periotic sits 
6 mm internally to the lateral edge of the skull when in place and is covered by the 
bulla, hiding it in lateral view, making it amastoid. 
Occipitals 
The supraoccipital and exoccipitals are significantly crushed and damaged though 
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minimally deformed.  The supraoccipital is semi-octagonal and the anterodorsal 
margin is slightly curved at the contact with the frontal. The nuchal crest is low, at 
about 3.5 mm laterally and level with the frontals at the vertex. The surface of the 
supraoccipital is convex, roughly symmetrical and with smooth edges. Four 
shallow anterolateral depressions lie immediately behind the nuchal crest. The two 
most medial are shallow, whilst the lateral ones are better defined. They were likely 
the locations of muscle attachments. The suture with the exoccipital is visible just 
dorsal to the foramen magnum though this may be misleading due to local 
damage. 
The exoccipitals have a slightly convex posterior surface and are slightly excavated 
by the dorsal and ventral condyloid fossae at the base of the condyle pedicles. The 
articular surfaces of each condyle are small, lateromedially wider than 
dorsoventrally tall and gently rounded. The suture of the exoccipital to the 
basioccipital may be visible on the ventral surface of the skull and follows the 
fracture in the posterior of the skull (Figure 3-2, Figure 3-3, Figure 3-4, Figure 3-5, 
Figure 3-7) though this is not possible to confirm. The lateral most parts of the 
exoccipital form the paroccipital process and contacts the post-tympanic process 
of the squamosal which has fossa for a posterior sinus. Medially to that it forms the 
jugular notch. The hypoglossal foramen is in the medial portion of the jugular 
notch. 
The basioccipital extends out from under the vomer, which covers the ventral 
suture with the basisphenoid. The basioccipital crests are about 35-37 mm long 
and are thick and robust. Their posteroventral ends carry shallow fossae, likely for 
muscle attachments to the hyoids. The suture with the alisphenoid runs at the 
lateral base of the basioccipital crest. 
Sphenoids 
The alisphenoid forms the anterior, medial and lateral walls of the foramen ovale. 
It runs back to the base of the basioccipital crest and carries the carotid foramen 
just anterior to which the synchondrosis with the basisphenoid is visible. Laterally 
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it contacts the squamosal near the base of the falciform process. It also carries 
distinct fossae for the posteriormost part of the pterygoid sinus and for the middle 
sinus. Posterior to these fossae, the alisphenoid carries a groove for the mandibular 
nerve (V3) which extends from the foramen ovale to the foramen in the falciform 
process (Figure 3-4, Figure 3-5). 
The basisphenoid is only partially visible in a ventrolateral view where it connects 
the alisphenoid and orbitosphenoid. It overlies the vomer, pterygoids and the 
anterior of the basioccipital. The suture with the orbitosphenoid is ventral to the 
optic canal and less distinct.  
The orbitosphenoid forms the posterior and lateral walls of the ethmoid foramen 
and the anterior and ventral walls of the optic canal. The contact with the 
basisphenoid is 10 mm above the optic canal. The orbitosphenoid contacts the 
frontal laterally, the palatine anteromedially and the vomer medially.  
Periotic 
The description of the periotic is primarily based on the removed left element 
(Figure 3-8, Figure 3-9) as the right one is still in-situ (Figure 3-4, Figure 3-5). It 
has a robust anterior process, a tapered and triangular posterior process and a 
weakly inflated pars cochlearis.  
The anterior process, in lateral view, sits at angle of about 130° to the main body. 
It is bulbous and rounded dorsally, and slightly concave ventrally. The lateral and 
medial margins are sub-parallel, tapering quickly at the apex. The anteroexternal 
sulcus is short and, its edges are well defined, and it runs along the anterior edge 
of the lateral tuberosity. It is only about 5 mm long and 2 mm wide. The parabullary 
sulcus is  curved, C-shaped, and well defined, and is about 5.5 mm across. The 
anterodorsal angle lays 10 mm anterior to the anteroexternal sulcus and is slightly 
rounded over; behind it is a small depression with a small capillary incisure. The 
anteroventral angle is equivalent to the apex of the anterior process. The anterior 
bullar facet is a smooth oval-shaped groove with raised lateral margins, 8 mm long, 
5 mm wide. The fovea epitubaria is posterior to the anterior bullar facet and is  
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Figure 3-8. OU 22126, left periotic in a. ventral view; b. dorsal view; c. lateral view 
and d. medial view. Specimen coated with sublimed ammonium chloride. 
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Figure 3-9. Line art overlayed on photographs of OU 22126, left periotic in a. 
ventral view; b. dorsal view; c. lateral view and d. medial view. Specimen coated 
with sublimed ammonium chloride.  
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broad and shallow. The anterior keel is low and rounded and there is a small dip 
on the posteromedial surface of the anterior process which follows into the 
anterior incisure. The anterior incisure runs from the medial edge of the process 
onto the pars cochlearis and is about 1 to 1.5 mm wide. 
The pars cochlearis is 15 mm long anteroposteriorly, 11 mm wide mediolaterally 
and 11.5 mm tall dorsoventrally. The ventral surface is hemispherical and dorsally 
compressed and in ventral view the pars cochlearis is sub rectangular with the 
anteromedial corner being slightly more rounded and the medial edge being 
slightly inflated. The internal acoustic meatus opens mediodorsally; medially it is 
near circular and anterolaterally it carries a small triangular section making it 
comma-shaped with a maximum length of 10.5 mm. The meatus contains four 
foramina, the proximal opening of the facial canal, the foramen singulare, the 
spiral cribriform tract and the area cribrosa media. The transverse crest separates 
the foramen singulare and the proximal opening of the facial canal. The fenestra 
rotunda is near circular, with a slightly straighter dorsal edge and is 4 mm wide. 
The aperture for cochlear aqueduct is small and sub-circular at 2 mm wide and 
connects with the fenestra rotunda. The aperture for the vestibular aqueduct is 
tear-shaped, being narrower medially then laterally and is 2.5 mm long and 1 mm 
wide. The median promontorial groove is present and shallow. 
The body of the periotic carries the mallear fossa, which is shallow, near circular 
with a poorly defined posteromedial margin. A thin facial crest runs from the 
posterior margin of the mallear fossa to the anteriormost point of the posterior 
bullar facet of the posterior process, marking the tympanohyal sulcus. The fossa 
incudis has two depressions laying laterally to the facial crest and posterior to the 
mallear fossa. The hiatus epitympanicus is concave and medial to the well-
developed lateral tuberosity. The fenestra ovalis is subcircular and slightly 
elongated anteroposteriorly. It is about 35 mm wide and; the stapes is in-situ. The 
stapedial muscle fossa is rugose and wide (5 mm) with a thin posterior lip, 
separated from the facial sulcus by a low ridge. The ventral foramen of the facial 
canal opens horizontally into the body of the periotic. It is anticipated posteriorly 
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by a deep facial sulcus laying between the fenestra ovalis and the facial crest. 
The posterior process is triangular in dorsal view with the base 13 mm wide and 17 
mm long. The posterior apex is made of porous bone which sutures with the 
squamosal. The posterior bullar facet is roughly planar and carries a low ridge 
bisecting it. The medial section is larger than the lateral, as well as shorter due to 
the large stapedial muscle fossa. Ventrally, the apex carries two other shorter ridges 
which match to grooves in the posterior process of the tympanic bulla. The 
articular ridge is low and rounded, situated laterally on the base of the posterior 
process. The dorsal surface of the posterior process is smooth along the anterior 
two thirds and rugose along the posterior third. Dorsomedially, it has an angular 
extension of the dorsal crest which is more rounded along the rest of the body. 
Tympanic bulla 
The description of the tympanic bulla is primarily based on the loose left element 
(Error! Reference source not found., Figure 3-11) as the right one is still in-situ 
(Figure 3-4, Figure 3-5). 
The tympanic bulla is heart shaped in ventral view; the lateral margin is convex 
and strongly curved, and the involucrum is near straight posteriorly and gently 
curved anteriorly to the incipient anterior spine. It has a bilobed posterior face. 
There is no anterolateral notch and the anterior spine is short (3 mm) and rounded 
at the tip. The interprominential notch is broad and deep, ventrally passing into 
the median furrow and separating the narrower medial prominence from the 
slightly longer lateral one. The median furrow runs along 18 mm of the ventral 
surface, slightly medially offset from the centre, and is made slightly shallower 
anteriorly by a smooth, low ridge. There is no significant interprominential ridge 
and the ventral surface of the involucrum and median furrow are covered in small 
pits.  
The involucrum is 18 mm wide posteriorly and only marginally excavated by the 
tympanic cavity. It is also marked by irregular striae, radiating from the direction 
of the sigmoid process, and going anteromedially. These probably carried 
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peribullary sinuses. The lateral furrow is well defined and the mallear ridge is broad  
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Figure 3-10.  OU 22126, left tympanic bulla in a. dorsal view; b. ventral view; c. 




Figure 3-11. Line art overlayed on photographs of OU 22126, left tympanic bulla in 
a. dorsal view; b. ventral view; c. medial view and d. lateral view. Specimen coated 
with sublimed ammonium chloride. 
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Figure 3-12. OU 22126, dorsal view of right nasal; malleus, and selection of teeth in 
labial and lingual views. All coated with sublimed ammonium chloride. 
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Figure 3-14. Line up of all the loose teeth of OU 22126. Labial and lingual views of 
each tooth.  
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and low, sitting at an angle to the sigmoid process. On the crest of the outer lip is 
a well-defined groove for the chorda tympani. The sigmoid process, in lateral view, 
is low and angled anteriorly along the length of attachment to the outer lip. In 
anterior view it is rounded. The accessory ossicle is in place just anterior to the 
sigmoid process and leaning on the involucrum. The conical process of the left 
tympanic bulla is obscured by the sigmoid process and posterior process as well as 
being slightly crushed. The tympanic sulcus is similarly obscured. The outer 
posterior pedicle is broken with only the more robust inner posterior pedicle 
supporting the posterior process and the elliptical foramen is bridged by the 
pedicles.  
The posterior process of the bulla has subparallel lateral margins. The anteriormost 
facet for the posterior process of the periotic is smooth and has shallow grooves to 
attach to the ridges of the periotic. Anterolaterally, there is a small facet which 
would have laid against the posterior meatal crest of the squamosal. Finally, the 
posteriormost facet is rugose and somewhat porous where it would have sutured 
to the post-tympanic process of the squamosal. In lateral view of the skull, the 
posterior process of the bulla is visible ventrally to the post-tympanic process. 
Teeth 
OU22126 is a polydont, heterodont odontocete. Five teeth are in-situ; three right 
incisors and the left I1 and I3 (Figure 3-2, Figure 3-3, Figure 3-6, Figure 3-7). There 
are 16 loose teeth of varying sizes (Figure 3-12, Figure 3-13, Figure 3-14). It has an 
alveolar groove with indistinct interalveolar septa, rather than individual alveoli 
and likely had over 20 teeth per quadrant. No mandible was found. Of the 
preserved teeth, 7 are single-rooted loose teeth, 3 of which are tusk-like, and 5 are 
tusk-like in-situ teeth. Two of the loose teeth are double rooted. For the other loose 
teeth, 7 are uncertainly double-rooted or lined with an isthmus.  
The first incisors have crowns heights of 55 and 54 mm. These teeth however are 
heavily embedded in the bone of the premaxilla and only minimally erupted, with 
16 to 23 mm of the crown/enamel exposed. This represents 42% of the right I1 and 
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31% of the left I1 exposed from the bone. The I2 and I3 are prominent and 
anterolaterally directed with crown heights of 31.5 mm and 27.5 mm, respectively. 
These anterolaterally oriented teeth are however shorter in OU 22126 than in OU 
22397 and the cheek teeth seem to recurve inwardly more rapidly.  
The tooth with the widest diameter is an I1 with over 10 mm diameter, though its 
widest diameter may be obscured by the maxilla. A loose tusk has a maximum 
diameter of 9 mm. None of the loose tusk-like teeth have complete roots so their 
length is unknown. The anterior teeth are long, near conical and mostly horizontal. 
The alveolar groove angles ventrally as it progresses posteriorly. The posterior 
teeth are double rooted, have shorter crowns (shortest 7 mm) and have an 
entocingulum and encocingulum. They are flattened, triangular and have minute 
denticles at the bottom of their keels. All of the teeth show minimal evidence of 
apical wear on enamel. 
DISCUSSION 
Relationships to Dalpiazinids 
The Italian species, Dalpiazina ombonii (Longhi, 1898) is from Bolzano in the 
province of South Tyrol in northern Italy, and was collected from a Burdigalian 
marine sandstone (Dal Piaz, 1977). It was originally described as belonging to the 
genus Champsodelphis by Longhi (1898) and the assigned to Acrodelphis by Abel 
(1900) before finally being placed in its own genus Dalpiazina by Muizon (1988).  
In Muizon’s (1988) redescription the species is defined by a mandible and fragment 
of rostrum (IGUP 26 405) designated as the lectotype. In the same paper Muizon 
designated specimens A (IGUP 26 480, IGUP 26 172, IGUP 26 173, IGUP 26 174) 
and C (IGUP 26 181) from Dal Piaz’s 1977 publication (Dal Piaz, 1977) as referred 
material to the species. However, it should be noted that the association of the 
material has been questioned and that the relationship between them remains 
poorly supported. 
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In the past it has been suggested that OU 22126, and secondarily, OU 22397 and 
OU 22262, are representatives of the family Dalpiazinidae (Fordyce, 2003b; 
Aguirre-Fernández and Fordyce, 2014; Tanaka and Fordyce, 2015a). However, 
differing details of their anatomy make this unlikely. Some of the differences 
between OU 22126 and D. ombonii include that D. ombonii is a homodont 
odontocete, whilst OU 22126 is heterodont with tusks. Their periotics (referred 
material, Specimen A (Dal Piaz, 1977)) also differ in shape of the pars cochlearis, 
in the location of the internal acoustic meatus and, due to the presence of an 
articular rim and of a C-shaped parabullary sulcus in OU 22126 both absent in D. 
ombonii. The rostrum of D. ombonii is not dorsoventrally compressed and the 
premaxilla on its own does not form a significant proportion of the anterior of the 
rostrum as is seen in OU 22126.  
The extremely fragmentary nature of the material also means that it cannot 
usefully be coded into a phylogenetic matrix making understanding its placement 
amongst cetaceans near impossible to narrow down. 
Functional morphology 
The teeth of OU 22126 could have been used in a variety of ways. Much like in OU 
22397 (see Chapter 2) the wear on the teeth is minimal, with only the apex of 
crowns of the cheek teeth showing superficial wear. This was likely linked with the 
consumption of mildly abrasive food. The more anterior teeth show less wear, and 
it is unlikely that either of the first incisors (I1) would have been used in 
manipulation or consumption of prey as they are minimally erupted and were quite 
possibly extensively covered by the animal’s gums and skin in life. OU 22126, 
similarly to OU 22397, has a long rostrum with a rostral ratio of 0.69, categorising 
it as longirostrine (McCurry and Pyenson, 2019). The mandible of the specimen 
was never found, but considering the shape of the skull and rostrum, the mandible 
was likely long, thin and had a long mandibular symphysis. Similarly to OU 22397 
again, OU 22126 may have used its laterally oriented teeth for slashing and 
stunning prey. This unusually small amount of eruption of the first incisors may 
suggest that these two teeth were less used in feeding or defence. 
81 
In other cetaceans, a similar pattern of retained teeth is known in female narwhals 
(Monodon monoceros) and in female beaked whales (family Ziphiidae). In 
narwhals, the tusks remain embedded in the maxilla, only erupting in less than 
15% of the females, whilst in males, tusks are commonly present (Nweeia et al., 
2012; Heide-Jørgensen, 2018). A hypothesis is that the primary functions of the 
narwhal’s tusk is for sexual display and additional sensory ability (Nweeia et al., 
2009, 2014). The tusk however is not necessary to the survival of the animal as a 
small number of males and the majority of females lack them (Heide-Jørgensen, 
2018). In beaked whales, many males have a single pair of tusk-like teeth, which 
are present, though not fully erupted, in females (MacLeod and Herman, 2004; 
MacLeod, 2018; Mesnick and Ralls, 2018). In species such as Mesoplodon bidens 
there are also associated modifications in the bone structure of the males to further 
support the antagonistic use of the teeth (MacLeod and Herman, 2004). It has 
been suggested that similar bony modifications such as the distally expanded 
rostrum in certain squalodontids may be a characteristic of sexual dimorphism or 
ontogeny (Dooley Jr., 2005).  
However, considering the limited amount of available evidence, it is not possible 
to reject the null hypothesis that the tusks in OU 22126 are not a sexually 
dimorphic display feature. Whilst it is possible that OU 22126 is a female 




4 .  Chapter 4 
Preserving postcrania: A new 
Oligocene dolphin with axial and 
limb material 
INTRODUCTION  
In chapters 2 and 3 two new species of tusked dolphins are described – gen. 1 et sp. 
1 nov. and gen. 2 et sp. 1 nov. Both of those descriptions and discussions of 
functional anatomy are based primarily on well preserved skull material. Though 
a small amount of postcranial material was preserved in OU 22397, no forelimb 
material was found and OU 22126 had no postcranial material.  In this chapter, a 
third closely related species of tusked dolphin is described. Although the skull is 
poorly preserved, well preserved postcranial material is associated with it. This new 
material will elucidate other aspects of the functional morphology of tusked 
dolphins.  
OU 22262 is an interesting fossil dolphin from the Oligocene in that it has 
preserved a greater proportion of postcranial material than is commonly found for 
animals of that age. Very few described odontocetes from the Oligocene have 
informative forelimb material preserved. Those with such material include 
Otekaikea huata (Tanaka and Fordyce, 2015a), a waipatiid from Australia 
(Fitzgerald, 2016), Mirocetus riabinini (Mchedlidze, 1970), Ankylorhiza tiedemani 
(Boessenecker et al., 2020), and Prosqualodon davidis (Flynn, 1923). Though the 
skull is heavily deformed due to significant crushing and erosion, other parts reveal 
features of importance for other closely related odontocetes such as those 
described in chapters 2 and 3, as well as related taxa such as Ediscetus osbornei. 
OU 22262 provides insights into both vertebral and limb morphology of these 
animals, as well as adds to the species diversity of late Oligocene cetaceans of the 
South Pacific.  
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This chapter will provide information of where the animal was found and how it 
was prepared for study as well as providing a systematic definition of the new 
species. A full description of the specimen detailing its morphology is also 
presented, and the specimen is discussed in view of the understanding that can be 
gained from the osteological material preserved. This includes a discussion of both 
feeding morphology and function, as well as morphological studies of the vertebra, 
particularly those of the neck, and of the forelimb of the animal with regards to 
ecological inferences.  
MATERIALS AND METHODS 
The skeleton of OU 22262 was collected by R. E. Fordyce, A. Grebneff, B. Black H. 
Ichishima, J. Daniels, C. M. Jenkins, G. B. McMurtrie, G. Curline, and S. Rust in 
January 1995. It was collected at the Island Cliff site, near Tokarahi, Awamoko 
Valley in Northern Otago, New Zealand (44°58’S, 170°59’E). OU 22262 is the 
second specimen that was recovered from a single excavation site which yielded 
Carcharodon angustidens about 30 cm above it (Gottfried and Fordyce, 2001) and 
Megalampris keyesi (Gottfried et al., 2006) about 15 cm below it. Collection details 
are available on the New Zealand Fossil Record File Database (www.fred.org.nz) 
under fossil record number I41/f0163. The specimen was prepared by A. Grebneff 
and S. White using pneumatic and hand tools with fine details prepared under a 
Zeiss SR binocular microscope. OU 22262 was photographed coated with sublimed 
ammonium chloride and photos taken with a Nikon D800 DSLR camera and a 60 
mm micro lens. 
Skull nomenclature follows Mead and Fordyce (2009) and post-cranial 
nomenclature follows Cozzi et al., (2017), unless otherwise noted. All 
measurements were made using calipers and are given to the closest 0.5 mm. The 





CETACEA Brisson, 1762 
ODONTOCETI Flower, 1867 
gen. 1, sp. 2 nov. 
See Chapter 5 for phylogenetic position 
Holotype. OU 22262 is fragmentary, the skull is compressed and distorted with 
much of the rostrum missing. Both periotics and bullae are preserved, as well as a 
portion of the left mandible which carries seven teeth in situ and the broken roots 
of further two teeth. There are nine loose teeth with near-complete crowns and a 
further seven pieces of tooth fragments. The postcranial material is extensive and 
includes 2 phalanges, both humeri, both ulnae, fragments of both scapulae, the 
manubrium of the sternum, atlas, near-complete axis, 4 cervicals in varying levels 
of preservation, 6 other vertebrae loose and a further 7 in situ in blocks and 13 
larger rib fragments. There are also fragments of small ribs, vertebrae and 
miscellaneous bone fragments.  
Type locality & Horizon.  
The holotype was recovered from in the rock at Island Cliff on the eastern bank of 
the Awamoko stream Valley (Figure 4-1). The matrix surrounding OU 22262 is a 
yellow-green, highly glauconitic sandy limestone which is the transitional 
sediment which grades from the Kokoamu Greensand to Otekaike Limestone. 
There are sparse invertebrates and indistinct bedding. Gottfried and Fordyce 
(2001) gave details on the age and environment of this site from the collection of 
Carcharodon angustidens which lay directly above OU 22262. Analysis of 
foraminifera and strontium isotopes suggest it to be from the New Zealand 
Duntroonian Stage, which is equivalent to middle Chattian in the upper Oligocene, 
at around 26 Ma.  
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Figure 4-1. Locality map of ‘‘Island Cliff’’ site (bottom left), on the South Island of 
New Zealand, and stratigraphic section (bottom right) showing the estimated 
horizon of OU 22262. Map adapted from (Gottfried and Fordyce, 2001). 
Diagnosis. 
OU 22262 is a heterodont, likely-polydont, odontocete with long, conical, 
procumbent anterior tusks and denticulate cheek teeth. The rostrum appears 
dorsoventrally flattened. It has sub-rhomboid nasals and a likely wide mesorostral 
grove. Posterior teeth are more recurved and triangular and carry 2 to 3 denticles 
each. OU 22262 differs from Waipatia in having a narrower cranium, more rapidly 
angling and differentiating mandibular teeth, a larger acoustic meatus of the 
periotic and more robust posterior process of the periotic. OU 22262 differs from 
Otekaikea in lacking the expansion of the premaxillary crest, a lower vertex, 
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symmetrical nasals and periotic with a tapered rather than square posterior 
process. OU 22262 differs from Ediscetus in having an laterally wider vertex, sub-
rhomboid rather than triangular nasals, having a stronger intertemporal 
constriction, a more robust and bulbous pars cochlearis and larger, more rounded 
acoustic meatus of the periotic. OU 22262 differs from OU 22397 in having 
rounded posterior margins of its nasals, zygomatic processes with pointed anterior 
apices and dorsally inflated surfaces, a more bulbous anterior process of the 
periotic and smaller articular rim. 
DESCRIPTION 
General overview 
OU 22262 has a crushed skull (Figure 4-2, Figure 4-3, Figure 4-4, Figure 4-5); it is 
missing the anterior part of the rostrum which has significantly damaged and 
eroded margins. A fragment of the left mandible is preserved, carrying 7 teeth and 
the roots of two more. Nine loose teeth are preserved and seven fragments of roots 
and crowns. The lacrimojugals are eroded and poorly preserved, as is much of the 
ventral surface of the skull. Limonite nodules are present on the right orbit, on the 
right zygomatic process, on the dorsal surface of the right of the rostrum and on 
the right posterior side of the cranium. The nares and mesorostral groove are filled 
with sediment. There may be some directional asymmetry, particularly in the 
premaxilla at the level of the nares, but the significant distortion of the skull makes 
this difficult to confirm. 
Rostrum 
The full length of OU 22262’s rostrum is unknown, but the preserved posterior 
portion measures at least 96 mm. The rostrum is about 91 mm wide at the base and 
rapidly attenuating. The mesorostral groove appears to be shallow and open with 
the premaxilla not roofing it. The maxillary flanges seem to have been present but 
were eroded away. The ventral surface of the rostrum is heavily crushed and many 
of the bones remain as fragments in the matrix. Few sutures can be identified 
anterior to the antorbital notches and no alveoli are discernible. 
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Figure 4-3. Skull of OU 22262 in dorsal view, coated with sublimed ammonium chloride, overlaid with line drawing. Diagonal hatching 
indicates damaged and sediment filled areas.
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Cranium 
The cranium of OU 22262 is heavily crushed and distorted, though less eroded than its 
rostrum. Nearly all bones are present though not in place and in life the cranium was 
likely nearly as wide as it is long. The cranium has a shallow facial fossa, which is deepest 
laterally to the nares (Figure 4-2, Figure 4-3). The vertex is flattened with a low crest 
running between the nasals and the frontals. The orbit is anterolaterally oriented, low 
and wide. The supraoccipital is semi-octagonally shaped anteriorly (Figure 4-2) and the 
cranium has a significant intertemporal constriction. The orbitotemporal crest is 
straight and roofs some of the temporal fossa, which is elongate, possibly due to 
compression. The zygomatic processes are bulbous and heavily rounded dorsally and 
concave ventrally. Ventrally, the basioccipital crests are high and heavily displaced to 
the right and into the braincase by post-mortem distortion. Some details of the periotic 
fossa and basicranium remain preserved below. 
Premaxilla 
Ventrally, the premaxilla cannot be discerned from the vomer or maxilla in the rostrum. 
Only 110 mm of the left premaxilla and 94 mm of the right premaxilla are preserved. 
Posteriorly, the premaxilla extends past the posterior margins of the nasals as thin 
posteromedial splints, separating the maxilla from the nasals. The premaxillary 
foramina are not visible. The premaxillae are about 52 mm wide at the level of the 
antorbital notches. 
Maxilla 
The maxilla covers much of the face of OU22262 (Figure 4-2, Figure 4-3), though on 
the left side much of the surface of the bone is worn off. Where it is preserved, the 
maxilla does not cover the margins of the face formed by the frontal. Where the suture 
with the frontal is preserved, it is discernible but not clearly defined as it is eroded in 
many places. Posteriorly, the maxilla does not contact the supraoccipital. It forms a low 
crest just lateral to the premaxilla at the level of the nasals. No antorbital foramina are 
visible and only one dorsal infraorbital foramen is visible dorsally in each of the right 
and left maxilla.  
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Figure 4-4. Skull of OU 22262 in ventral view, coated with sublimed ammonium chloride. 
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Figure 4-5. Skull of OU 22262 in ventral view, coated with sublimed ammonium chloride, overlaid with line drawing. Diagonal 





Ventrally, little of the maxilla is preserved. The fragments anterior to the orbit are 
likely parts of the maxilla which would have been near the ventral infraorbital 
foramen. The contacts and sutures with the vomer, premaxilla, palatine and frontal 
cannot be determined. 
Palatine 
Very little of the palatine is preserved on OU 22262. Small fragments of bone near 
the ventral opening of the nares are likely to be the palatine, including the portion 
covered in limonite on the right and the raised medial portion of bone which may 
also be the vomer. 
Pterygoid and pterygoid sinuses 
No recognisable pterygoid can be located, nor is any surface preserved. 
Nasals 
The dorsal surface of the nasals is roughly rhomboid-shaped with rounded corners 
and near symmetrical on both sides. There is a distinguishable internasal suture 
and an internasal process formed by the frontals. The anterior edges are slightly 
convex and come together to form a wedge whilst the posterior edges are also 
mildly convex. When viewed anteriorly, the nasals are near-flat with a low ridge in 
their medial contact area. The nasal contacts the frontal posteriorly and the 
premaxilla laterally, but not the maxilla. 
Ethmoid 
Only a small fragment of mesethmoid is preserved at the anterior tip of the wedge-
shape formed by the nasals (Figure 4-2, Figure 4-3). This fragment of mesethmoid 
was likely part of the internarial septum and it is 13 mm wide. The rest of the 
ethmoid bone is either eroded away or concealed by sediment.  
Vomer 
Dorsally, only small fragments of the vomer are visible along the wall of the 





vomer which forms the rostrum cannot be identified. A small fragment may be 
preserved posterior to the palatine. 
Lacrimojugal  
There is no lacrimal visible dorsally. Ventrally, a small portion of heavily eroded 
lacrimojugal is preserved on the left preorbital process. It is thin and irregularly 
shaped, due to the erosion of the bone. In life, it is likely that the lacrimals would 
have been visible dorsally in the antorbital notch.  
Frontal 
Dorsally (Figure 4-2, Figure 4-3), the frontals are mostly covered by the maxillae 
and much of the frontal margins are worn around the orbits. Where the lateral 
margins remain, the thin edge of the frontal is observable when not covered by 
maxilla. The suture with the maxilla is discernible but due to the erosion, it is not 
clear along its entire edge though the parietal is visible dorsally as a small triangle 
on either side of the nuchal crest. 
The interfrontal suture appears to be a low ridge which runs between the frontals 
at the vertex. At the vertex, posterior to the nasals, the frontals are rugose and 
porous in texture. Frontals are about 26 mm long anteroposteriorly at the level of 
the internasal process. The posterior edge of the frontals contacts the 
supraoccipital along a concave margin. 
Ventrally (Figure 4-4, Figure 4-5), the frontals form the orbits and anterior portion 
of the temporal fossae. The left orbit, which is most complete, is about 63 mm long 
from the short preorbital to the postorbital processes. The preorbital and 
postorbital ridges are under 10 mm high, with the preorbital ridge being slightly 
lower and more rounded than the postorbital ridge.  The postorbital ridge has a 
prominent edge, though this could be exaggerated by erosion. The postorbital 
ridge marks the anterior of the temporal fossa and the frontal forms roughly the 
anterior third of the wall of the temporal fossa and subtemporal crest. The suture 





The ventral infraorbital foramen cannot be observed on both sides; the left is 
broken and eroded whilst the right is obscured by a large nodule of limonite. The 
cluster of foramina in the orbit are likely for the frontal diploic vein. On each side, 
just posterior to the postorbital ridge is a deep well-defined sulcus in the temporal 
fossa. Details of the optic foramen, foramen rotundum and ethmoid foramen are 
non-discernible. 
Parietal 
A very small triangle of parietal is visible dorsally at the level of the intertemporal 
constriction between the frontals and supraoccipital. There is no discernible 
interparietal and the parietal carries no postparietal foramina. The parietal forms 
the anterolateral wall of the braincase and the largest portion of the medial wall of 
the temporal fossa. A small piece of parietal is visible in the basicranium 
anteromedially to the periotic fossa. 
Squamosal 
Dorsally, the squamosal is visible forming the zygomatic processes and 
posterolateral wall of the temporal fossa. In life, the lateral edges of the zygomatic 
processes would have been subparallel to the long axis of the skull. When viewed 
laterally, the zygomatic processes have heavily inflated convex dorsal surfaces and 
a concave ventral surface. The apex of each zygomatic process is distant from the 
postorbital process by 37 to 47 mm. This is likely made greater by the post-mortem 
crushing and distortion the skull; in life the space would possibly have been smaller 
by up to about ⅓. There is no evidence that the zygomatic and postorbital 
processes were ever contacting each other. The squamosal forms the posterior-
most section of the temporal fossa and participates no bone to the subtemporal 
crest.  
There is added complexity to the squamosal of the basicranium due to post-
mortem damage. The ventral surface of the zygomatic process carries the glenoid 
fossa. Medial to this is the tympanosquamosal recess. Posterior to each 





anteroposteriorly and lower on the right than the left. The squamosal-alisphenoid 
suture runs anterolaterally from the base of the falciform process (Figure 4-4, 
Figure 4-5). The location and shape of foramen 1, the foramen ovale, the foramen 
spinosum and the carotid foramen cannot be ascertained due to the deformation 
of the skull.  
On both sides, only the base of the falciform process remains. It is thin and angled 
posteromedially, running from the path for the mandibular nerve to the spiny 
process. The periotic fossa is deep and it is 25 mm long anteroposteriorly and 18 
mm wide transversally. It is probable that in life the periotic would have 
approximated the squamosal along its lateral side. Due to deformation, the periotic 
can no longer be fitted into the skull. The periotic fossa is divided by the 
supratubercular ridge which lies below the spiny process.  
Posterior to the postglenoid process of the squamosal is the external auditory 
meatus. The external auditory meatus is shallower on the right than left and about 
10 mm wide laterally, and becomes both narrower and shallower medially. A low 
anterior meatal crest runs from the postglenoid process to the spiny process and 
the posterior meatal crest is shorter and runs from the posttympanic process to the 
spiny process. A number of grooves and ridges are present on the posttympanic 
process, likely to receive the posterior processes of the periotic and tympanic bulla. 
OU22262 is amastoid as the periotic cannot be seen when the skull is viewed 
laterally with the periotic and the bulla in place. 
Sphenoids 
The alisphenoid is anteromedial to the squamosal and would have held the 
posterior part of the pterygoid sinuses. It forms the posterior portion of the 
subtemporal crest without entering the temporal fossa. The suture with the 
squamosal is simple. The alisphenoid carries a broad groove for the mandibular 
nerve (V3) and extends anterolaterally from where the foramen ovale would have 





and the basisphenoid and orbitosphenoid are indistinct due to erosion and 
presence of limonite.  
 
Figure 4-6. Photographs of skull and mandible of OU 22262 in lateral views, coated 
with sublimed ammonium chloride. Corresponding line drawing of skull mandible 
in association with suggested reconstruction. 
Occipital 
The supraoccipital of OU 22262 is heavily crushed. The original shape would have 
been semi-octagonal, roughly symmetrical and slightly concave. Anteriorly the 






Figure 4-7. OU 22262 skull in anterior view and posterior view; coated with 
sublimed ammonium chloride. 
four very shallow anterolateral depressions just behind the nuchal crest for neck 
muscle attachments. 
The basioccipital is significantly displaced into the braincase and twisted to the 
right posteriorly. The contacts with the vomer, alisphenoid and basisphenoid are 
not preserved. The basioccipital crests are about 44 mm long and are thick and 
robust. They have a small depression by the posteromedial base. The contact of the 
basioccipital with the exoccipital may follow the rough line along which the bone 





The exoccipital has a flattened and heavily angled posterior face. There appears to 
be only shallow condyloid fossae, though this may be exacerbated by erosion. The 
condyles have a small and gently rounded articular surface. The exoccipital appears 
to have become detached from the skull along its sutures during fossilisation. The 
contact with the basioccipital runs in front of the condyles, the contact with the 
squamosal is posterior to the periotic fossa and post-tympanic process. The contact 
with the supraoccipital is not clear. 
Periotic 
Both of OU 22262’s periotics are loose (Figure 4-8, Figure 4-9). The anterior 
process is bulbous/inflated, the posterior process is small and curved and the pars 
cochlearis is weakly inflated dorsoventrally. 
The anterior process of the periotic sits at an angle of roughly 110° from the body 
of the periotic in lateral view. The process is roughly cone-shaped with a slightly 
inflated ventral surface. The anteroexternal sulcus is shallow and broad and runs 
along the base of the process, on the medial side of the periotic. The equivalents of 
the anterodorsal and anteroventral angles are present, with the first being the 
angle at the base of the process, on the medial surface of the process and the second 
being what is now the tip of the anterior process. The anterior bullar facet is a 
shallow groove about 3.5 mm wide and 7 mm long. The fovea epitubaria is covered 
by the accessory ossicle, just posterior to the anterior bullar facet, and the anterior 
keel is faint. The C-shaped parabullary sulcus is short but deep and strongly curved, 
and the anterior incisure is present though not distinct as a clear line or fold 
between the anterior process and pars cochlearis. 
The pars cochlearis is near hemi-spherical when viewed ventrally and is slightly 
dorsoventrally compressed. It is 16.5 mm long anteroposteriorly and 18 mm wide 
due to the tall ridge between the internal acoustic meatus and the aperture for the 
vestibular aqueduct, which rises 2 mm above the aperture. The anteromedial and 







Figure 4-8. OU 22262, left periotic in a. ventral view; b. medial view; c. lateral view 
and d. dorsal view. Specimen coated with sublimed ammonium chloride. (periotic 
for OU 22262 should be slightly repositioned and re-photographed before the manuscript is 






Figure 4-9. Line art overlayed on photographs of OU 22262, left periotic in a. 
ventral view; b. medial view; c. lateral view and d. dorsal view. Specimen coated 
with sublimed ammonium chloride. (periotic for OU 22262 should be slightly repositioned 





opens mediodorsally. It is wide and circular posteriorly and narrows 
anterolaterally, making the opening pear-shaped with a greatest length of 9.5 mm. 
The meatus contains four foramina; the proximal opening of the facial canal, the 
foramen singulare, the spiral cribriform tract and the area cribrosa media. The 
transverse ridge runs between the proximal opening of the facial canal and the 
foramen singulare. The fenestra rotunda is sub-rectangular and dorsoventrally 
narrower (2 mm) than it is mediolaterally (3 mm). The aperture for the cochlear 
aqueduct is circular and small with a diameter of 1 mm and connects through to 
the fenestra rotunda. The aperture for the vestibular aqueduct is long and thin, 
being compressed anteroposteriorly. It is about 3.6 mm long and just under 1 mm 
wide. The pars cochlearis also has a shallow median promontorial groove. 
Carried by the body of the periotic is a well-excavated and sub-circular mallear 
fossa, with a poorly defined posteromedial margin. The lateral tuberosity is weakly 
developed and a thin facial crest runs from the posteromedial margin of the 
mallear fossa to the anteriormost point of the posterior process. The fossa incudis 
is shallow and poorly defined and lays posterior to the mallear fossa and lateral to 
the facial crest. The hiatus epitympanicus is sinusoidal, being concave at the edge 
by the mallear fossa and convex by the posterior process. The fenestra ovalis is 
elliptical to subcircular with the greater diameter being roughly 3.2 mm 
anteroposteriorly and with the stapes still in situ. The stapedial muscle fossa is 
rugose, 3 mm wide and has a thin posterior lip. It is separated from the facial sulcus 
by a low ridge. The ventral foramen of the facial canal opens posteriorly into the 
body of the periotic. The facial sulcus anticipates the ventral foramen of the facial 
canal and is deep.  
The posterior process is about 12 mm wide at its base and 15 mm long. The 
posterior apex is attenuated and formed of dense, compact bone. The posterior 
bullar facet is slightly concave with a narrow and inclined anterolateral facet. The 
anterior margin of the bullar facet is thin and carries a notch in its mid region, 
possibly being the tympanohyal sulcus. On the dorsal surface, the articular rim is 





process is smooth along its anterior two-thirds and more rugose along the 
posterior third which is also dorsoventrally thinner. 
Tympanic bulla 
The tympanic bulla is heart-shaped both in ventral and dorsal view (Figure 4-10, 
Figure 4-11). The lateral margin is convex and bulbous anteriorly and the 
involucrum is near straight along most of its length, curving gently anteriorly. The 
posterior face is bilobed. There is no visible anterolateral notch and as the anterior 
tip of both bullae are damaged, it is not possible to infer whether they carried an 
anterior spine. The interprominential notch is deep and separates the shorter, 
blunter medial lobe from the slightly longer and thinner lateral lobe. The 
interprominential notch passes ventrally into the median furrow which runs along 
the posterior 20 mm of the ventral surface. The anterior half of the bulla’s ventral 
surface is covered in a large number of small pits. The interprominential notch also 
carries a low interprominential ridge, running between the two lobes of the bulla. 
The involucrum is broad posteriorly and only slightly excavated by the tympanic 
cavity anteriorly. Dorsomedially, the surface of the involucrum is marked with 
irregular striae radiating from the direction of the sigmoid process and would have 
carried peribullary sinuses. The lateral furrow is well defined and the mallear ridge 
sits obliquely to the sigmoid process and is low and rapidly rising. Along the crest 
of the outer lip of the bulla is a well-defined, broad groove for the chorda tympani. 
In lateral view, the sigmoid process angles anteriorly after a strong angle of 135° by 
the tympanic notch. When viewed anteriorly, the dorsal profile of the sigmoid 
process is rounded and near semi-circular. 
The conical process is ventrally excavated by a small diverticulum rising from the 
tympanic cavity. The tympanic sulcus runs up along the underside of the base of 
the sigmoid process and up the conical process. Just below and posterior to the 
conical process are the remains of a thin broken ridge, which would have been the 
base of the outer posterior pedicle. The inner posterior pedicle is also broken and 






Figure 4-10. OU 22262, left tympanic bulla in a. dorsal view; b. ventral view; c. 
medial view and d. lateral view, e. posterior process in dorsal view. Specimen 






Figure 4-11. Line art overlayed on photographs of OU 22262, left tympanic bulla in 
a. dorsal view; b. ventral view; c. medial view and d. lateral view, e. posterior 





pedicle. The elliptical foramen is below and between the posterior pedicles which 
would have supported the posterior process.  
The posterior process of the bulla has a convex medial margin and a near straight 
lateral margin. The anteriormost and largest facet houses the posterior process of 
the periotic and is smooth. Posterior to this is the rugose facet for the posttympanic 
process of the squamosal. The area on the anterolateral side of the posterior 
process likely contacted the meatal crest of the squamosal though no distinct facet 
is visible. Though the periotic and bulla cannot be placed exactly in the skull, it 
seems that the posterior process of the bulla was visible below the posttympanic 
process when in lateral view. 
Mandible 
A 221.5 mm long fragment of the left mandible is preserved. There are seven teeth 
and two more roots preserved and all but the anteriormost tooth are double 
rooted. None of the mandibular fossa or pan bone are preserved and neither is the 
anterior tip of the mandible. A portion of the unfused symphysis is preserved, 
ending 94 mm from the anterior portion of the fragment. The fragmented 
preserved mandible is roughly 30 mm tall along its entire length and widest at the 
posterior end of the symphysis, where it is 16 mm thick. No buccal or gingival 
foramina can be observed due to the damaged surface of the bone. 
Teeth 
OU 22262 is a heterodont, likely-polydont odontocete though the number of teeth 
per quadrant cannot be accurately estimated. Several loose teeth were found with 
the specimen (Figure 4-12), 15 of these are fragmented single rooted teeth. There 
is also a double-rooted tooth crown preserved loose, and there is no evidence of 
any of the double-rooted teeth having roots joined by an isthmus.  
The tallest complete crown is 30 mm high, though it is likely that several of the 
broken and incomplete teeth would have been longer. The longest root is about 77 
mm but it is broken at its apex. The widest diameter of a tusk-like tooth is about 





that the teeth of OU 22262 grade backwards from tusk-like teeth to blade-like 
teeth and from horizontal to vertical much like in OU 22397. The anterior teeth 
are long, conical, tusk-like and likely horizontal, whilst the posterior teeth are 
smaller, triangular and transversely flattened, and vertical in the mouth. The 
triangular cheek teeth carry denticles on both the anterior and posterior keels 
though they are asymmetrical. The cheek teeth all also have distinct ecto- and 
entocingula. The wear on these teeth seems negligible and restricted to the tips of 
the cheek teeth. 
No teeth are in situ in the rostrum, but seven double-rooted teeth with preserved 
crowns are in situ in the left mandible (Figure 4-13). The roots of a further one 
double-rooted tooth and of one single-rooted tooth are preserved. The root of this 
single-rooted tooth is exposed by erosion and lays at about 150° from the axis of 
the mandible, or about 60° further forward than the standard straight angle of the 
teeth to the mandible. OU 22262 had a minimum of 8 triangular cheek teeth per 
mandibular quadrant. The teeth also rapidly transition from slightly angled, 
double-rooted triangular teeth to near horizontal, single-rooted tusk-like teeth.  
 






Figure 4-13. OU 22262 left mandible fragment in labial, dorsal and lingual views; 
coated with sublimed ammonium chloride. 
Atlas 
The atlas is not fused to the axis. It is about 44 mm thick anteroposteriorly (Figure 
4-14, a.). The neural spine is low, thickened and rounded, and in dorsal view the 
neural arch is anteriorly concave. The foramen for the first spinal nerve is ovoid 
and dorsoventrally elongated and lays slightly anteriorly on the neural arch. In 
anterior or posterior view, the neural canal is heart shaped, with the neural spine 
slightly curved at the top. The upper and lower transverse processes have a very 
low ridge running between them. The upper transverse process is small and 
dorsoventrally thin, it projects posterodorsally as well as laterally. The lower 
transverse process is longer and more robust than the upper transverse process.  
The articular condyloid facets are fairly deep and separate ventrally. Viewed 
laterally, the condyloid articular facet is at an angle of roughly 27° from that of the 
axis articular facet, which suggests minimal downward orientation of the head 





curves medially for the fovea for the odontoid process of the axis. These facets are 
delimited by ridges dorsally, laterally and ventrally marking the edges of the 
odontoid region. The transverse ligament (Struthers 1888) likely attached to this 
ridge. The ventral surface of the atlas carries a low rounded hypapophysis lateral 
to which is a small nodule on each side. 
Axis 
The axis is not fused to any other cervical vertebrae but the epiphysis is fused to 
the body (Figure 4-14, b.). It is missing the top of its neural arch, including the 
neural spine and posterior zygapophyses. The anterior articular facets extend 
under the odontoid process, nearly contacting each other and are not delimited by 
internal ridges. The transverse processes project posterolaterally and slightly 
ventrally, have a slightly flattened dorsal surface and are thin. The odontoid 
process projects forward by about 10 mm. The posteroventral edge of the centrum 
carries a significant cleft about 4 mm deep and leads to a ridge on the ventral 
surface. 
Other cervical vertebra 
There are three other cervical vertebrae and one likely fourth post-atlas and axis. 
The first cervical is also confirmed to be C3, the exact position of the others is 
uncertain though the last one of the series is likely to be a C7.  
C3 is well preserved (Figure 4-14, c.), missing only the top 12 mm of the neural arch. 
The C3 neural arch is thin dorsoventrally, at about 3 mm thick, and its neural canal 
is reniform. The C3 transverse processes are sub-triangular in cross-section, have a 
concave ventral surface and project ventrolaterally. These transverse processes 
have no vertebral canals. The C3 has distinct sagittal, dorsal and ventral keels inset 
in the body of the vertebra. 
Cx (Figure 4-14, d.) is the third most complete cervical and Cy (not figured) only 
preserves one face of its body. Cx has thinner, more rounded transverse processes 
and a less pronounced sagittal keel than C3. It likely was the fourth or fifth cervical, 





C7 (Figure 4-14, e.) is still partially in the matrix, has a very wide neural canal and 
a large transverse foramen 22 mm wide transversally and 14 mm tall dorsoventrally. 
The dorsal transverse process is tall and broad laterally, connecting with the much 
thinner ventral transverse process. These transverse processes seem to carry a 
fragment of “false rib”. The right prezygapophysis of C7 is preserved. The dorsal 
portion of the neural arch is displaced but visibly thin and with a small neural 
spine. The ventral portion of the neural arch is thick and carries the dorsal 
transverse process. 
Thoracic vertebrae 
OU 22262 has four identifiable and preserved thoracic vertebrae recognised by the 
transverse processes being carried by the neural arch rather than the body. They 
have been labelled Ta-Td for ease of understanding and ranging from anterior to 
posterior. Ta (Figure 4-14, f.) has a wider than tall neural canal, a short body and 
an anteroposteriorly thin neural spine. Tb-c (Figure 4-14, l., m.) are intermediate, 
their neural canals more rounded and equidimensional, their body is more 
rounded and deeper. Their transverse processes are more robust, and Tb has a 
distinct fovea on its right process. Td (Figure 4-14, g.) is likely one of the 
posteriormost thoracic vertebrae. It has a taller rather than wide neural canal; a 
longer, thinner body and a tall and wide neural spine. 
Lumbar/Caudal Vertebrae 
Six post-thoracic vertebrae are preserved well enough to be identified (Figure 4-14, 
h., i., j., k.). Their sequence cannot be clearly determined and only one has a 
preserved neural spine and dorsal portion of its neural arch. None of the transverse 
processes are complete. In those vertebrae with complete bodies, they are longer 







Figure 4-14. Photographs of the vertebrae of OU 22262. a. atlas, b. axis, c. cervical 
C3, d. cervical Cx, e. cervical C7, f. thoracic Ta, g. thoracic Td, h. caudal, i. caudal, j. 
caudal, j. lumbar, k. lumbar, l. block containing thoracic Tc, m. block containing 






There are three near complete ribs and a number of rib fragments (Figure 4-15). 
Twelve of these fragments are portions of rib longer than 50 mm; one of which is 
a double headed anterior rib. 
 
Figure 4-15. Photograph of the ribs of OU 22262. 
Sternum 
A flat and symmetrical piece of sternum is preserved, likely the manubrium (Figure 
4-16). The ventral surface of the manubrium is eroded and lacks the bone surface; 
but is convex whilst the dorsal surface is slightly concave. It is presumed the wider 
portion is the anterior part of the sternum. It has a maximum width of 68 mm, is 
70 mm long and 19 mm thick. 
Scapula 
A fragment of what is likely the right scapula is preserved (Figure 4-16, a., b.). The 
dorsal portion is missing and neither the acromion nor the coracoid process are 






Figure 4-16. Photographs of most complete limb and sternal elements of OU 
22262. a. right scapula medial, b. right scapula lateral, c. phalange, d. phalange, e. 
manubrium of sternum, f-i. left humerus, f. lateral, g. medial, h. anterior, i. 





the anterior and medial margins of the bone. The preserved portion shows a 
narrow base above the glenoid fossa, a thin tabular scapular blade with a mildly 
concave medial face. The glenoid fossa seems deep, though much of it is missing 
or obscured. 
Humerus 
Both the left (Figure 4-16, f.-i.) and right humeri are present, though the head and 
medial surface of the right humerus are eroded and missing. The humerus is 127 
mm long and transversally flattened, being 47 mm anteroposteriorly and 17 mm 
transversally at midshaft.  
The Strickler 1978 paper on Pontoporia shoulder myology and Boessenecker et al., 
2020 paper on Ankylorhiza tiedemani were used to identify muscle attachments. 
Proximally, the head of the humerus is elongated and tear-shaped with a rounded 
anterior end. It descends laterally along the posterior of the humerus occupying 
the top 27% of the bone. Anteromedially, there is a rounded surface, below a shelf, 
for the attachment of the subscapularis muscle. The supraspinatus muscle scar lies 
in a deep groove at the anteriormost point of the proximal surface of the humerus. 
Posterodistally to the supraspinatus is a long and diagonally-oriented 
coracobrachialis scar. On the lateral surface of the bone, along the midline and just 
distal to the head, is the large deep depression for the infraspinatus muscle. 
The anterior margin of the humerus is thin and curved laterally. Just 
anteroproximally to the infraspinatus fossa there is a small depression with a rough 
surface, likely for the mastohumeralis. On the lateral surface of the humerus, near 
the articular faces for the ulna, is a shallow, angled depression for the deltoid 
muscle.  
On the posterior edge, at the proximal end, below the head of the humerus is a 
small fossa for the triceps. Just medial to the fossa for the triceps and to the 
posterior ridge of the humerus is a large sub-triangular depression, likely for the 
pectoralis major. Distal to this and along the posterior ridge is a long and thin 





joints for the radius and ulna are smooth and barely excavated with the joint for 
the radius angled anteriorly and those for the ulna angled posteriorly. 
Ulna 
Both ulnae are preserved though the olecranon of the left ulna is damaged (Figure 
4-16, j.-m.). The ulnae are thin and gracile and mediolaterally compressed. The 
olecranon projects posteriorly and angles slightly medially. The trochlear notch is 
strongly curved, angling at about 110°. The interosseous edge is near straight. The 
distal epiphysis is not fused along the interosseous margin, and at the proximal 
end is a muscle scar likely attaching the ulna to the radius. 
Phalanges 
Two small phalanges were found with the specimen (Figure 4-16, c., d.). The larger 
one is complete, is 28 mm long, 13 mm wide and 6 mm thick proximally, and 11 
mm wide and 5 mm thick distally. Only the proximal head of the smaller phalange 
is preserved and is 8.5 mm wide and 4 mm thick. 
DISCUSSION 
Feeding apparatus  
The skull of OU 22262, though heavily crushed, still has large temporal fossae. 
These are similar in size to those of OU 22397 and sit behind a significant 
intertemporal construction and are significantly roofed by supraoccipital. These 
broad temporal fossae would have been the location of significant and large muscle 
attachments for the mandible, suggesting quick and powerful bite forces (Kurihara 
and Oda, 2009). The extent of the preserved rostrum does not suggest it would 
have been particularly short, as neither the maxilla nor premaxilla are tapering 
inwards rapidly at the level of the break. This suggests the animal may have had a 
long jaw as well, furthering the hypothesis that it would have had a rapid bite 
(Walmsley et al., 2013; McCurry et al., 2017b, 2017c, 2017a), as is thought to have 





This specimen also has a significant heterodont dentition, with very triangular and 
flat posterior cheek teeth. These also carry 2 to 3 denticles on each of the more 
posterior teeth.  These heavily flattened teeth are more blade-like than those of 
OU 22126. These teeth, much like those of the two previously described specimens, 
are minimally worn down suggesting that these dolphins were eating softer, less 
abrasive food or ingesting food items using suction feeding, thus bypassing the 
need to use the cheek teeth. 
Vertebral morphology 
OU 22262 has several cervical vertebrae preserved which include the atlas, axis, 
and three other cervical vertebrae. Considering that the atlas has a centrum length 
of roughly 44 mm, the axis of 23 mm, that the other two vertebrae have centrum 
lengths of 20 and 16 mm, and that the remaining three cervical vertebrae would 
have had 20 to 15 mm long centra, it can be estimated that the neck of this dolphin 
was about 15 to 16 centimetres long.  When considering also that the vertebrae are 
not fused together, unlike in most extant dolphins (Buchholtz and Schur, 2004; 
Buchholtz and Gee, 2017), this longer neck would have provided reasonable 
amounts of flexibility. 
A rough measurement of the angle of the range of motion of the atlanto-occipital 
joint can be measured as done in Okamura and Fujiwara, 2020. With the atlas 
staying in place, the skull can angle about 41° ventrally and 16° dorsally providing 
a total range of movement (ROM) of about 57° (likely overestimated due to the 
absence of soft tissues and of bone deformation). When compared to the ROM of 
modern cetaceans it is most similar to that of P. gangetica (ROM≈ 47°), Pontoporia 
blainvillei (ROM≈ 40°) and Neophocaena phocaenoides (ROM≈ 39°) (Okamura and 
Fujiwara, 2020) 
Considering that this specimen and the others described in this thesis are closely 
related and that the preserved vertebrae of OU 22397 and OU 22262 are similar in 
size and shape, it can also be suggested that they would have had similarly unfused 





when swimming, would have increased the range of motion when the animals were 
moving their heads (Buchholtz, 2001, 2007; Buchholtz and Schur, 2004; 
Buchholtz and Gee, 2017). This supports the hypothesis that these tusked dolphins 
could have used their long procumbent teeth to slash at prey as mobility of the 
neck would not have been as limiting a factor.  
Forelimb morphology 
As an unusual feature amongst late Oligocene dolphins, a large amount of forelimb 
material is also preserved with specimen OU 22262. The material preserved 
includes a fragment of scapula, both humeri, both ulnae and two phalanges.  
Of these features are included a humerus which is shortened compared to 
Otekaikea huata, though not to the extent seen in modern Cetacea and is still 
flattened mediolaterally. The attachment sites for the radius and ulna are both 
flattened and form an obtuse angle together of about 133°. Both features are strong 
indicators that the elbow of this animal was immobilised as is seen in all modern 
odontocetes (Gatesy et al., 2013). The olecranon of the ulna is large and would have 
provided significant leverage for the triceps muscle, running from the olecranon to 
the scapular head. This would have provided the ability to move the flippers and 
thus stabilise movement whilst swimming, especially if rapid movements or 
changes of direction were being made (Fish et al., 2003; Cooper et al., 2007). It 
should also be noted that the distal end of the ulna has an unfused articular surface.  
The phalanges show one convex surface and one flat to concave surface, thus 
differing from modern odontocetes which have both surfaces flattened and joined 
by thick cartilage. This could be an indicator that the digits were still mobile in 
some fashion and that some control over them may still have been possible by the 







5 .  Chapter 5 
Reconstructing Relations: 
Cladistic analysis of three new 
species of tusked dolphins  
INTRODUCTION 
In chapters 2, 3 and 4, three new species of dolphin are described for the first time, 
with OU 22397 and OU 22262 belonging to the same genus nov. 1 and OU 22126 
belonging to a second, genus nov. 2. However, although the relationships among 
species can be inferred based on morphological characteristics, in this chapter the 
relationships between these species and related taxa will be assessed quantitatively 
using maximum parsimony.  
In this chapter, the relationships of OU 22397, OU 22126 and OU 22262 will be 
investigated taking into account related species and broader clades such as 
Waipatiidae and the superfamily Platanistoidea. The relationships of these taxa to 
other species with tusk-like teeth is also explored, in particular with Ediscetus 
osbornei. This study will provide a broader and clearer understanding of how these 
animals are related to each other as well as provide insight into evolutionary 
patterns of features such as the presence of tusk-like teeth in cetaceans.  
With TNT (Goloboff and Catalano, 2016), a quantitative systematics program 
making use of the principle of maximum parsimony, it is possible to study the 
relationships of taxa from a complex character matrix. The matrix used here is the 
latest version of the Tanaka et al. (2017) matrix, which has 284 morphological 
characters for 83 taxa. A further 11 species, including the three described in this 
thesis, were added in the present analysis. This chapter will detail the methods 
through which the phylogenetic analyses are carried out, followed by an overview 
of the results and of the relevant characters/apomorphies to the clades of interest. 





relationship to E. osbornei, the placement and content of nominal waipatiids and 
of the redefined Platanistoidea (Bianucci et al., 2020).  
METHODS 
The phylogenetic analysis of OU 22397, OU 22126 and OU 22262 was based on the 
Tanaka et al. (2017) matrix. Additionally, the coding for a further eight species 
were added, seven from other papers which had used the same character matrix; 
Macrosqualodelphis ukupachai and Huaridelphis raimondii from Bianucci et al., 
2018, Inticetus vertizi from Lambert et al., 2017 and Arktocara yakataga, 
Allodelphis pratti, Goedertius oregonensis and Zarhinocetus errabundus, from 
Boersma & Pyenson, 2016. Ediscetus osbornei was re-coded from the Albright, 
Sanders, & Geisler 2018 matrix. Characters in the matrices which were coded from 
the same or similar descriptions conserved their original value. Characters were 
otherwise coded from photographs, figures and the description provided in the 
original papers. Altogether, the matrix contained 98 operational taxonomic units 
(OTUs) and 284 characters. Georgiacetus vogtlensis was used as the outgroup 
taxon and was constrained with a set tree extant taxa, based on the topology of the 
McGowen et al. (2009) molecular phylogeny. 
Mesquite 3.61 (Maddison & Maddison, 2008) was used to handle the character and 
tree data. Analyses were carried out in TNT version 1.5 (Goloboff and Catalano, 
2016) and all characters were treated as unweighted and unordered for the first 
analysis (Figure 5-1). For the second analysis, the characters were unordered but 
weighted with the Goloboff K=3 (Figure 5-2). Both analyses used the New 
Technology Search with settings to recover the minimum length trees 1000 times. 
The consensus trees were obtained using the majority rule with a 50% cut off.  
The matrix and character list are provided as Appendices. Appendix 1 contains the 
matrix. Appendix 2 contains the character list. A table of the percentages of 
missing data is included in Appendix 3. The strict consensus trees for analyses 1 





fourth analysis without molecular constraints; and an account of the placement 
effects of additions to the phylogeny. 
RESULTS 
For OU 22397, 76% of all characters were coded (87% when excluding soft tissue 
characters) (Appendix 3 for proportions of all species). 73% of all characters were 
coded for OU 22126 (84% when excluding soft tissue characters). 66% of all 
characters were coded for OU 22262 (77% when excluding soft tissue characters). 
61% of all characters were coded for Edicetus osbornei (71% when excluding soft 
tissue characters). 
Analysis 1  
The phylogenetic analysis resulted in 721 retained trees with a best score of 2145. 
A consensus tree was obtained using the 50% majority rule in TNT (Figure 5-1). 
The addition of several species to the matrix, all closely related to basal cetaceans 
and platanistoids, led to a new arrangement and topology.  
All three tusked dolphins described in this thesis form a clade with E. osbornei, just 
basal to waipatiids. Of the other added species, I. vertizi, plots crownwards of 
Squalodon and Prosqualodon, which form a polytomy with the broad clade 
containing the new species, E. osbornei and waipatiids. Both Otekaikea species 
form a clade as expected. Awamokoa is just basal to the grouping of both Waipatia 
species.  
The clade containing the thesis specimens in analysis 1 is defined by six characters:  
#11 (Width of premaxillae at mid-rostrum as percent greatest width of 
maxillae at level of postorbital processes - medium, 25–15%),  
#45 (Dorsolateral edge of internal opening of infraorbital foramen - formed 
by maxilla),  
#46 (Ventromedial edge of internal opening of infraorbital foramen - formed 





#107 (Parietals in dorsal view - in skull roof but visible only as small triangular 
areas at edges of intertemporal constriction, with supraoccipital 
overlapping and obscuring median portions),  
#147 (Tympanosquamosal recess - very large, forming large fossa bordering 
entire medial edge of glenoid fossa),  
#162 (Hypoglossal foramen - separated by very thin bone or absent, in latter 
case hypoglossal foramen becoming confluent with jugular foramen). 
 The apomorphies at the base of the clade including E. osbornei are:  
#13 (Width of rostrum at antorbital notch as percent greatest width of 
maxillae at level of postorbital processes - wide, >68%), 
#55 (Position of premaxillary foramen anterior of antorbital notch and 
anterior edge of supraorbital process), 
#58 (Posterolateral sulcus shallow or absent), 
#66 (Maxillary crest on supraorbital process of maxilla - absent), 
#71 (Maxillary intrusion, anterior to external nares and encroaching the 
posteromedial or medial face of each premaxilla absent), 
#159 (Posteroventral-most point of basioccipital crest - projecting distinct 
flange posteriorly)  
Analysis 2 
This analysis resulted in three retained trees with a best score of 150.66. A 
consensus tree was obtained using the 50% majority rule in TNT (Figure 5-2). It 
resulted in a clade of the superfamily Platanistoidea within Odontoceti along with 
a number of basal odontocetes being below it on the same branch. The Papahu 
species are most basal within it, followed by the Squalodon - Prosqualodon clade. 
Above that is a clade containing two clades composed of both Waipatia species, 
and one containing OU 22397, OU 22262 and OU 22126 and E. osbornei. Above 
the branch grouping OU 22397, OU 22262 and OU 22126, and Waipatia, is a clade 
containing both Otekaikea species and then one grouping U. chawpipacha and A. 





The apomorphy defining the clade grouping the Waipatia and OU 22397, OU 
22262 and OU 22126 is: 
#22 (Incisors relatively delicate and procumbent - yes), 
The clade within that for the three thesis species and E. osbornei is defined by the 
following apomorphies: 
#25 (Cheek teeth ectocingulum - present), 
#58 (Posterolateral sulcus - shallow or absent), 
#66 (Maxillary crest on supraorbital process of maxilla - absent), 
#71 (Maxillary intrusion, anterior to external nares and encroaching the 
posteromedial or medial face of each premaxilla - maxilla visible within 
opened mesorostral canal as small exposure medially), 
#90 (Both nasals - with point on midline and gap on each side between 
premaxilla and nasal), 
#99 (Cranial vertex skewed asymmetrically to left side absent), 
#148 (Bifurcation of tympanosquamosal recess - present, with a clear 
expansion anteriorly, invasion of mandibular fossa medially, and a 
depression (expansion) at the postglenoid process posteriorly), 
#159 (Posteroventral-most point of basioccipital crest - projecting distinct 
flange posteriorly), 
#183 (Posterodorsal edge of stapedial muscle fossa - present) 
The apomorphies of the branch leading to the OU 22126 and E. osbornei clade are: 
#27 (Greatest diameter of largest functional tooth as percent of greatest 
width of maxillae at the level of the postorbital processes - medium, 5–
3%), 
#157 (Vomer - terminating on basioccipital, covering basioccipital-
basisphenoid suture ventrally), 
#192 (Thickness dorsoventral of pars cochlearis on periotic - thin) 
The apomorphies for the clade containing OU 22397 + OU 22262 are: 
#154 (Posterior portion of periotic fossa of squamosal - posteromedial portion 






Figure 5-1. Phylogenetic analysis of OU 22397, OU 22126 and OU 22262, 50% 
majority consensus tree of unweighted analysis 1 with branch lengths labelled. The 
clades Physeteroidea, Ziphioidea, Inioidea, Phocoenidae and Delphinidae are 
collapsed. 
 mark the presence of tusk-like teeth,  mark the presence of “true” tusks,  









Figure 5-2. Phylogenetic analysis of OU 22397, OU 22126 and OU 22262, 50% 
majority consensus tree of implied weighting K=3 analysis 2 with branch length 
labeled. The clades Physeteroidea, Ziphioidea, Inioidea, Phocoenidae and 
Delphinidae are collapsed.  mark the presence of tusk-like teeth,  mark the 
presence of “true” tusks,  marks the base of the waipatiid clade,  marks the 





#164 (Paroccipital process, skull in ventral view - posterior edge in transverse 
line with posterior edge of condyle), 
#173 (Anteroposterior ridge on dorsal side of periotic - undeveloped), 
#207 (Width of tympanic bulla as percentage of its length along its long axis 
- narrow and long, ≤64%), 
#217 (Median furrow on posterior side of bulla - divided by a transverse ridge 
originating from involucrum) 
DISCUSSION 
Understanding relations and changes in the phylogenetic tree 
Thesis specimens 
The relationships between OU 22397, OU 22126 and OU 22262 are similar, though 
not identical, in both analyses presented in this chapter (and in appendix 5). In 
both the unweighted and weighted analyses, OU 22397 and OU 22262 plot most 
closely together with branch lengths for their clade as well as their individual 
branches totalling to 21 in analysis 1 and 20 in analysis 2. In both analyses, OU 
22126 is in the clade immediately related to the one grouping OU 22397 and OU 
22262. It also has a longer branch length than either of the other two (14 character 
changes), suggesting a greater evolutionary distance from OU 22126 to OU 22397 
and OU 22262. This is supported in the various character differences which in part 
define the species and genera. The isolation of OU 22397 and OU 22262 as a clade 
provides support of them belonging to the same genus. Not only are these dolphins 
of similar size and age, but the phylogeny supports their grouping as a clade. The 
isolation and branch length of OU 22126 also supports it being placed in its own 
genus. 
E. osbornei and the thesis species 
The original matrix used for the description of E. osbornei (Albright, Sanders and 
Geisler, 2018) had fewer basal odontocetes and Platanistoidea coded, which would 
have affected its placement in their phylogeny. Though E. osbornei shares most 





differences remain between these four dolphins. The first is the great branch length 
for E. osbornei which in analysis 1 is 22 and in analysis 2 is 28, which is the number 
of character changes on the branch. The ages of these specimens are also broad. 
Albright et al. (2018) suggested that Ediscetus osbornei is of upper Rupelian age 
(28.75 to 28.43 Ma) based on the stratigraphic horizon from the Ashley formation 
of South Carolina. Compared to the ages of OU 22397 (26-25 Ma), OU 22262 
(26.5Ma) and OU 22126 (23Ma), the age difference of 2 to 5 Ma would allow for 
significant evolutionary divergence. There is also significant geographic distance 
between the specimens, with E. osbornei from the Eastern coast of the USA along 
the Atlantic Ocean, and OU 22397, OU 22126 and OU 22397 being from south-
eastern New Zealand in the southern Pacific Ocean.  
Movement of “waipatiids”  
The only genus described as belonging to the family Waipatiidae is Waipatia. 
However, Lambert et al. (2017) suggest that the genus Papahu also belongs to the 
family, and Marx et al. (2016b) suggest that Otekaikea is also part of the family 
Waipatiidae. Interestingly, though Awamokoa often plots near Waipatia, it has not 
been suggested to be part of the Waipatiidae family. When taking into account the 
results of this analysis this chapter uses the informal term “waipatiid” to refer to 
animals similar to Waipatia without the constraint of defining them as part of the 
family clade Waipatiidae. This includes, the genera Waipatia, Otekaikea, 
Awamokoa, Inticetus, Urkudelphis and Ediscetus as well as genus nov. 1 (OU 22397, 
OU 22397) and genus nov. 2 (OU 22126).  
The placement of these eleven “waipatiid” species in both analyses presented in 
this chapter varies slightly. In both, all eleven species are closely related to each 
other. However, in analysis 1 Papahu taitapu sits between Inticetus and the other 
waipatiids. In analysis 1, the clade grouping genus nov. 1, genus nov. 2 and E. 
osbornei is just crownwards of Inticetus and Papahu, and basal to the one 
containing Urkudelphis, Otekaikea, Waipatia and Awamokoa. Within this clade, 





basal to the grouping of both Waipatia species and Urkudelphis is basal to the 
grouping of these five species.  
In analysis 2, Inticetus remains the most basal of the waipatiids and sits imediately 
below the clades grouping the Waipatia clade and branch leading to a clade 
containing Ediscetus and all 3 thesis species. These four species are evenly divided 
into two clades, the first contains OU 22397 and OU 22262 of genus nov. 1, and the 
second groups E. osbornei and OU 22126. Crownwards of this is the clade of both 
Otekaikea species followed by a clade grouping Awamokoa and Urkudelphis. This 
grouping of waipatiids sits just basal of the Platanistoidea superfamily.  
Platanistoidea subclade 
As presented in Chapter 1, the superfamily Platanistoidea has recently been 
redefined to the more stable clades surrounding Platanista including only the three 
families Platanistidae, Squalodelphinidae, and Allodelphinidae. Following this 
deffinition the clades basal to Platanistoidea change between analyses 1 and 2.  
In analysis 1 Platanistoidea sits between physeteroids and ziphioids as expected 
from the implemented molecular constraints tree. The superfamilly forms the 
majority of the clade supported by the branch seperating it from physeteroids and 
ziphioids though at the base of the clade lay Xiphiacetus bossi, Squaloziphius 
emlongi and Papahu sp. (ZMT 73) but not Papahu taitapu which plots amongst the 
waipatiids.  
In analysis 2 the waipatiids are the clade basal to Platanistoidea suggesting that the 
superfamily has branched from the broader group of basal cetaceans which are 
waipatiids. Basal again to the Platanistoidea and waipatiids are the squalodontids 
and both Papahu species, which plot together in this analysis. 
This difference in placement of waipatiids and Platanistoidea relative to each other 
raises questions as to relationships between them. With the discovery and 
description of further intermediate specimens the stability of the relations could 





related to Papahu and more waipatiids or waipatiid-like specimens from the early 
to mid-Miocene. 
The presence of tusks and tusk-like teeth throughout odontocete phylogeny 
In figure 3 the presence of “true” tusks and of tusk-like teeth is highlighted across 
the phylogenetic tree. The disparity and broad spread of these procumbent teeth 
presents the fact that this tooth form has evolved multiple times, at least once in 
waipatiids, in ziphiids and again in delphinids. The tusk-like teeth present in 
waipatiids tend to be numerous, primarily incisors, longer than they are wide, and 
minimally recurved. A thorough analysis of the variation in tooth shape and size 
in this broader group and in squalodontids may provide clarity with regards to the 
exact definition of tusk-like teeth and what should or not be classified as such. In 
ziphiids the tusk-like teeth are a variety of teeth including incisors and post-
canines; all of them being in the mandible. In delphinoids, kentriodons 
convergently evolved procumbent tusk-like teeth similar to those in waipatiids 
such as those seen on in genus nov. 1 and 2 as well as evolving “true” tusks twice, 
once within Monodontidae and within Odobenocetopsidae.  
This convergent and multiple evolution of procumbent extra-oral teeth suggests 
that these have function which they fulfil which could explain their repeated 






6 .  Chapter 6 
Congregating Cognisance: 
Looking at this thesis and beyond  
 
OVERVIEW AND SYNTHESIS 
Throughout this thesis the taxonomy, paleobiology and description of three novel 
New Zealand dolphins were investigated, as well as the phylogenetic relationships 
of these animals as a group and within Odontoceti. A significant focus was also 
placed on the study of the functional morphology of these animals, in particular 
the feeding apparatus, the consideration of partially erupted teeth, as well as the 
skull, neck and anterior limb morphology. This allowed a more thorough 
understanding of these animals, as well as a better understanding of the unique 
dentition they carry. 
In Chapter 2, specimen OU 22397 was described. A new genus and species of 
dolphin have been proposed, of which OU 22397 is the holotype. The unusual 
morphology of OU 22397 allowed for the study of a unique feeding apparatus in 
which the procumbent anterior teeth were likely used to disable prey prior to 
ingestion. The presence of a long mandible and large temporal fossa support the 
hypothesis of raptorial feeding. Micro-CT scans of several of the teeth of OU 22397 
determined that the animal was likely 6 years old, indicating that it was no longer 
a juvenile. The broken tusk of OU 22397 is hypothesised to have happened during 
life either during feeding attempts or during an agonistic interaction. There was 
no evidence of further complications post-fracture as the edges of the dentine were 
smoothed over and likely covered by gum prior to the death of the dolphin. SEM 
imaging of an enamel fragment revealed the enamel layer was extremely thin. This 
observation, coupled with the low enamel wear, suggests OU 22397 was not 
consuming highly abrasive or mechanically demanding foods and possibly fed 





In Chapter 3, specimen OU 22126 is described. A new genus and species of dolphin 
have been proposed, of which OU 22126 is the holotype. Unlike in OU 22397, the 
first incisors of OU 22126 were not fully erupted with a portion of the tooth’s crown 
still in the bone. When considering that the various cranial sutures, such as the 
maxilla – palatine suture, were often closed and that all other teeth are fully 
erupted, it is unlikely that this animal was a juvenile. It is suggested that further 
research be carried out to see if this feature could be interpreted as sexual 
dimorphism. In this chapter, the previous placement of OU 22126 as belonging to 
dalpiazinids was explored and discussed, leading to the conclusion it was not 
closely related to the Italian genus Dalpiazina but rather more closely related to 
waipatiids. 
In Chapter 4, specimen OU 22262 was described and assigned to the same genus 
as OU 22397, though it represents a new species of which it is the holotype. This 
animal, though presenting a damaged and fragmentary skull, preserved significant 
amounts of post-cranial material. This allowed the inference of neck movements 
of this dolphin, including the range of motion of the atlanto-occipital joint. The 
preservation of numerous anterior limb bones also allowed a better understanding 
of the post-cranial anatomy of the species which may be extended to the genus. 
Osteological evidence suggests the species had a mostly immobile elbow, as shown 
by the shape of the humerus and ulna joining at flat angles. A certain degree of 
movement might have been possible further down the limb, in the manus of these 
dolphins, since the articulation facets of the phalanges were still concave 
proximally and convex distally. 
In Chapter 5, the relationships of these three newly described species were studied, 
including their connections to other waipatiids and platanistoids. Two 
phylogenetic analyses were carried out with a matrix containing 98 taxa and 284 
characters, for the first characters were unweighted and unordered, and for the 
second analysis the characters were treated as unordered but weighted with K=3. 
The results suggest a clade containing all three specimens and E. osbornei. It also 





Waipatiidae where in analysis 1 waipatids were very basal odontocetes, basal to all 
modern cetacean lineages whilst analysis 2 placed waipatiids as basal to 
Platanistoidea. This updated phylogeny allows for a more thorough understanding 
of the basal odontocetes and of the waipatiid clade and provides an up-to-date 
matrix containing all currently published data for it (as of 06/01/2021). 
When considering these dolphins as a clade it is important to try and understand 
their similarities and differences. The dolphins described in this thesis are all 
medium sized with OU 22126 being the smallest and OU 22397 the largest (Table 
6-1). Though some measurements cannot be made for OU 22262 and others are 
likely inaccurate due to the skull having been deformed post-mortem, it appears 
to be of a size intermediate to the other two.  
Table 6-1. Comparisons of skull metrics. Estimates for body length follow (Pyenson and 
Sponberg, 2011). Measurements in millimetres (mm). 
 OU 22397 OU 22126 OU 22262 
Body length estimate, all 
measurements 
2148 1708 
*1890* (used OU 
22397 CBL) 
Body length estimate, using only 
BIZYG 
1870 1437 1712 
CBL, condylobasal length 589 486 >334 
Rostrum length 388 332 >126 




BIZYG, bizygomatic width 229 172 208 
OCB, occipital condyle breadth 92 72 82 
AON, width across the antorbital 
notches  
139 119 91? 
EXOCC, width across exoccipitals 190 135 173 
The teeth of these three dolphins are also one of the major focuses of this thesis 
and, though all three of these dolphins had procumbent tusk-like teeth, when 
compared to each other the slight differences become more apparent (Table 6-2). 
OU 22262 appears to be the most heterodont of the species with slightly more 
cuspid teeth than OU 22397 or OU 22126. OU 22126 is however the most polydont 





the same proportion of the rostrum length as OU 22397. This progression of 
heterodonty to homodonty and increase in polydonty follows with the relative ages 
of these three specimens, with OU 22262 being the oldest at about 26 Ma, OU 
22397 being only slightly younger at about 25 Ma and OU 22126 being separate to 
them by a couple million years with an age of around 24~23 Ma.  
Table 6-2. Comparison and summary of feeding apparatus. Measurements in millimetres 
(mm). Cheek Tooth - CT 
 OU 22397 OU 22126 OU 22262 
Maxillary right quadrant 
tooth row length 
335 (86% of rostrum 
length) 
284 (86% of rostrum 
length) 
? 
Cheek tooth number per 
upper right quadrant 
17 20+ 12+ 
Cheek tooth highest crown 
17.4 (1st maxillary 
left CT) 
22 (1st loose 
uncertain if CT) 
otherwise 14.8 
12.5 (1st in situ 
mandibular with 
crown) 
Cheek tooth longest crown 
8.9 (last in situ 
mandibular) 
6.8 (7th loose) 
10.9 (last in situ 
mandibular) 
Highest number of 
denticles per tooth 
3 2 4 
FUTURE WORK 
Several other aspects of this work could be further investigated. Such future work 
could include the description and coding of other New Zealand tusked dolphins 
such as those in Table 6-3. This would contribute to our understanding of the 
evolution of tusk-like teeth in platanistoids and other clades such as 
kentriodontids.  
A detailed study of microwear in tusk-like and cheek teeth of such tusked dolphins 
may provide further insight into the feeding ecology of these species, including the 
prey items consumed and the methods used for ingestion.  
Finally, a review of the phylogenetic matrix and characters used would be 
beneficial to future studies. For example, expanding the character list of bones such 






Table 6-3. Other New Zealand dolphins with tusk-like teeth in the Otago University 
Geology Museum collections. L – Landon series, Ld – Duntroonian stage, Lw – Waitakian 
stage. 
 
IMPLICATIONS AND CONTRIBUTIONS 
The specimens presented in this thesis represent 3 novel species in two different 
genera. All three dolphins are part of a single clade closely related to waipatiids 
and particularly Waipatia. The large cladistic analysis using 284 characters and 98 
taxa supports a “waipatiid” clade which includes the genera Waipatia, Otekaikea, 
Awamokoa, Inticetus, Urkudelphis and Ediscetus as well as genus nov. 1 (OU 22397, 
OU 22397) and genus nov. 2 (OU 22126). This clade is formed of basal odontocetes 









Teeth, periotic Probably North Otago L 
OU 11521 Teeth Probably North Otago L 
OU 22127 
Teeth, mandible, postcranial, 
needs preparation 
Pringles farm, Awamoko Valley Ld-Lw 
OU 22297 Post cranial material in type room 















OU 22503 Cheek teeth, bulla 
Shell bed, top of Haugh’s 
quarry, Hakataramea Valley 
Lw 
OU 22553 
Skull, earbones, teeth, postcrania 
(Being studied by Shane Meekin) 
Lower shell bed Haugh’s 
quarry, Hakataramea Valley 
Lw 
OU 22727 
Skull, earbones, postcrania in 
block. Partly-prepared 







The functional morphology study of these three specimens led to the hypothesis 
of a novel feeding method similar to a combination of the slashing known in 
sawfish and raptorial feeding known in Platanista, previously undescribed in 
cetaceans. It is suggested these dolphins used their horizontally procumbent teeth 
to slash at their prey, injuring and disabling them to make capture and ingestion 
easier.  
OU 22126 has partially erupted first incisors with all other teeth fully erupted. 
Though there is insufficient evidence to support the hypothesis of it representing 
a sexually dimorphic feature, it could provide data for further studies of the topic.  
Altogether, these dolphins contribute new data to the tree of life of cetaceans, as 
well as suggesting a new feeding mechanism in cetaceans. These implications 
deserve further study which may be the subject of future investigations at the 
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Appendix 1 – Character/taxon matrix 
used in Chapter 5 
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 Phocoena_spinipinnis          4100100100101101111220-
0112014100121003110120110002000(0 1)10230101000111130110220-




 Phocoena_dioptrica            4100100100111101111220-
011201410012100311012011120(1 2)0001(0 1)0230101001111130110220-




 Phocoenidae                   4100100100111101111220-011201(4 5 
6)10012100311012011120(1 2)000110230101001111130110220-
0011000001212011011101010?0(2 3)011000101110021010002213120-
1110000200021121(0 1)031110(0 1)2(0 
1)1102101020?020131102000000001???101100(0 1)21100110001111201111201022-
3100102112(0 1)01010000??11010001111111110111001101101001100(1 2) 









2)1?0011000111120111100102(0 2)-31?010211(0 2)(0 1)00(0 1)10(0 1)00??11(0 
1)00001111111110111001101101001?001 






 Lissodelphis_borealis         110110010111120111112???11201(6 
























(1 2)01022-1??01?2110111002000??1111(0 1)00110?101000011011101101001?001 
 Orcinus_orca                  3101100211101101111120-
0111010100101003110130110202?(0 1)0110100101100111021001100-00120000(1 
2)03120022011?(1 2)010103011010200104011010(0 1)02213120-1010001?10-
?10?1???1110020(0 1)10010112010201?11111000(0 1 
2)0000000101110100?101101001110011111(0 1)1(0 1)20-31?010211200101?1?00?111(0 
1)000110?101000011011101101001?001 









001022-31?0?0?1100011(0 1)2(0 1)200011?1000110?101000011011101101001?003 





















 Pseudorca_crassidens          3101110201001101111120-0??101(0 




110?(0 1)22-31?01?1?111010(0 1)00000011?1000110?101000011010101101001?003 





11?0??21121(0 1)1(0 1)10110??1101000110?101000011011101101001?002 
 Lagenodelphis_hosei           010110020110150131112???11201(6 
7)1001200121101010113020000101501?10001110?11(0 1)210?-













1?????20-210010211(0 2)101102110??111(0 1)000110?101000011011101101001?002 






 Tursiops_truncatus            1001100201111501211120-011201(4 
5)1001200131101(0 1 2)0011(2 3)020101101(0 5)0101100111021102100-
00120000103120022011013101020111(0 1)0200(0 1)0(1 2)(0 1)110100(0 2)221(2 
3)12011010011210-31021(0 1)0(1 3)11100211(0 
1)001010201020131102110010001000101110101100110100101001011111122-
110010211(0 2)(0 1)01110110001111000110?1010000110111011010011002 










































































































 Platanista_gangetica          2010100001222410011110-0??11150110011-









































































































Appendix 2 – List of characters for 
thesis phylogenetic analyses 
 
Morphological characters used in the phylogenetic analysis. Form Tanaka et al., 
2017. 
Terminology generally follows that of the cladistic papers cited, which in a few 
cases does not agree with the recommended uses of Mead and Fordyce (2009). For 
each character, references are given for the main past uses, with the relevant 
published character number given with a hatch # thus: Murakami et al. (2012a) #1. 
 
Rostrum, Dental, and Mandibular  
(1) Length of rostrum as percent skull length: moderately long, 50–55% (0); long, 
55–60% (1); very long, >60% (2); medium, 50–40% (3); very short, 40–35% (4). 
(Murakami et al. (2012a, 2012b) #1; modified from Arnold and Heinsohn, (1996) 
#8; Bianucci, (2005) #1; Lambert, (2008) #1; Tanaka and Fordyce, (2014, 2015) 
#1).  
(2) Premaxillae transverse proportion: transversely inflated almost entire length of 
rostrum (0); flat almost entire length of the rostrum (1). (Murakami et al. (2012a, 
2012b) #2; Tanaka and Fordyce, (2014, 2015) #2). 
(3) Premaxillae mediolateral proportion: not compressed mediolaterally (0); 
compressed mediolaterally at anterior of rostrum (1). (Murakami et al. (2012a, 
2012b) #3; Tanaka and Fordyce, (2014, 2015) #3). 
(4) Premaxillae at apex of rostrum: with lateral margins parallel or diverging (0); 
narrowing (1). (Murakami et al. (2012a, 2012b) #4; modified from Bianucci, 





(5) Maxilla length as percent rostrum length: short, <85%, tips of maxillae not 
reaching tip of rostrum, (0); long, >89%, tips of maxillae to within 10% of 
rostrum tip (1); same as state 1 except lack of alveoli (2). (Murakami et al. (2012a, 
2012b) #5; modified from Lambert, (2005) #1; Tanaka and Fordyce, (2014, 2015) 
#5). 
(6) Mesorostral groove: V-shaped or U-shaped opening (0); partially or completely 
filled in with vomer, becoming a solid rod of bone (1); absent (2). (Messenger 
and McGuire, (1998) #1429; Geisler and Sanders, (2003)#5; Geisler et al., (2011) 
(2012) #5; Murakami et al. (2012a, 2012b) #6; derived from Moore, (1968) ; 
Tanaka and Fordyce, (2014, 2015) #6). 
(7) Mesorostral groove constricted posteriorly, anterior to the nares and behind 
the level of the antorbital notch, then rapidly diverging anteriorly: absent (0); 
present (1). (modified from Murakami et al. (2012b) #279; Tanaka and Fordyce, 
(2014, 2015) #7). 
(8) Lateral margin of rostrum anterior to maxillary flange: concave (0); straight (1); 
convex (2); absent (3) (Murakami et al. (2012a, 2012b) #7; modified from 
Bianucci, (2005) #3; Tanaka and Fordyce, (2014, 2015) #8). 
(9) Rostral constriction: absent (0); constriction anterior to antorbital notch (1); 
constriction anterior to maxillary flange (2). (Murakami et al. (2012a, 2012b) #8; 
modified from Muizon, (1984); Barnes, (1985b); Messenger and McGuire, (1998) 
#1424; Geisler and Sanders, (2003) #6; Geisler et al., (2012; 2011) #6; Tanaka and 
Fordyce, (2014, 2015) #9). 
(10) Antorbital notch: absent or weakly developed (0); well developed (1). 
(Messenger and McGuire, (1998) #1426; Fajardo-Mellor et al., (2006) #6; 
Murakami et al. (2012a, 2012b) #9; Tanaka and Fordyce, (2014, 2015) #10). 
(11) Width of premaxillae at mid-rostrum as percent greatest width of maxillae at 





<15% (2). (Murakami et al. (2012a, 2012b) #10; modified from Aguirre-
Fernandez et al., (2009) #4) ; Tanaka and Fordyce, (2014, 2015) #11)  
(12) Width of rostrum at mid-length as percent greatest width of maxillae at level 
of postorbital processes: wide, >35% (0); medium, 35–30% (1); narrow, <30% 
(2). (Murakami et al. (2012a, 2012b) #11; modified from Aguirre-Fernandez et 
al., (2009) #6; Tanaka and Fordyce, (2014, 2015) #12). 
(13) Width of rostrum at antorbital notch as percent greatest width of maxillae at 
level of postorbital processes: wide, >68% (0); medium, 68–45% (1); narrow, 
<45% (2). (Murakami et al. (2012a, 2012b) #12; modified from Geisler and 
Sanders, (2003) #7; Geisler et al., (2012; 2011) #7; Tanaka and Fordyce, (2014, 
2015) #13). 
(14) Premaxillae in dorsal view: contacting along midline for less than half length 
of rostrum (0); widely separated by mesorostral groove in rostrum (1); narrowly 
separated by mesorostral groove in rostrum (2); contacting along midline for 
approximately half the entire length or more than of rostrum but not fused (3); 
contacting along midline for approximately half the entire length or more than 
of rostrum and partially fused (4); converging (either contacting and separating) 
in mid-rostrum (5). (modified from Murakami et al. (2012a, 2012b) #13; 
modified from Muizon, (1988); Fordyce, (1994) #52; Messenger and McGuire, 
(1998) #1405; Geisler and Sanders, (2003) (9); Geisler et al., (2011) (2012) #9; 
Tanaka and Fordyce, (2014, 2015) #14). 
(15) Suture between maxilla and premaxilla on rostrum: unfused except distal tip 
of rostrum (0); fused partly or along most of rostrum (1). (Murakami et al. 
(2012a, 2012b) #14; modified from Fordyce, (1994) #36; Messenger and McGuire 
#1418, (1998); Geisler and Sanders, (2003) #10; Lambert, (2005) #2; Geisler et 
al., (2011) (2012) #10; Tanaka and Fordyce, (2014, 2015) #15). 
(16) Posterior wall of antorbital notch: maxilla (0); lacrimal and jugal, or maxilla 
appeared in small area posterior to antorbital notch parallel with lacrimal and 





maxilla laterally on the face well above the margin of the rostrum (2). 
(Murakami et al. (2012a, 2012b) #15; modified from Geisler and Sanders, (2003) 
(15); Geisler et al., (2011) (2012) #15; Tanaka and Fordyce, (2014, 2015) #16). 
 (17) Anterior sinus fossa: absent (0); between anterior extremity of pterygoid sinus 
and posterior extremity of upper tooth row (1); between posterior extremity of 
upper tooth row and midpoint of rostrum (2); beyond midpoint of rostrum (3). 
(Murakami et al. (2012a, 2012b) #17; modified from Muizon, (1988); Barnes, 
(1990); Bianucci, (2005) #13; Arnold and Heinsohn, (1996) #21; Geisler and 
Sanders, (2003) #157; Aguirre-Fernandez et al., (2009) #18; Geisler et al., (2011) 
(2012) #157; derived from Fraser and Purves, (1960) ; Tanaka and Fordyce, (2014, 
2015) #18). 
Teeth 
(18) Number of double-rooted teeth in maxilla: 6–8 (0); 0 (1). (modified from 
Geisler and Sanders, (2003) #23; Geisler et al., (2011) (2012) #23; Murakami et 
al. (2012a, 2012b) #18; Tanaka and Fordyce, (2014, 2015) #19). 
(19) Tooth enamel: reticulating striae (0); smooth (1); nodular (2); absent (3). 
(Murakami et al. (2012a, 2012b) #20; modified from Messenger and McGuire, 
(1998) #1469; Geisler and Sanders, (2003) #26; Geisler et al., (2012; 2011) #26; 
derived from Zhou, (1982) ; Tanaka and Fordyce, (2014, 2015) #20). 
(20) Teeth: heterodont and some teeth with denticle (0); conical, with or without 
accessory cusp (1); spatulate (2); laterally compressed (3). (Murakami et al. 
(2012a, 2012b) #21; modified from Heyning, (1989) #40, (1997) #72; Arnold and 
Heinsohn,(1996) #25; Messenger and McGuire, (1998) #1470; Geisler and 
Sanders, (2003) #27, (2012) #27; Lambert, (2008) #16; Geisler et al., (2011) #27; 
derived from Barnes, (1984a) ; Tanaka and Fordyce, (2014, 2015) #21). 
(21) Upper anterior teeth: about same size as upper posterior teeth (0); greatly 





from Murakami et al. (2012a, 2012b) #22; Tanaka and Fordyce, (2014, 2015) 
#22). 
(22) Incisors relatively delicate and procumbent: no (0); yes (1). (Fordyce (1994) 
#42;Tanaka and Fordyce, (2014, 2015) #285) 
(23) Crown of heterodont teeth: long (>10 mm) (0); short (<10mm) (1). (Fordyce 
(1994) #58; Tanaka and Fordyce, (2014, 2015) #286) 
(24) Large incisor tusk: absent (0); present (1). (Tanaka and Fordyce, (2014, 2015) 
#287) 
(25) Cheek teeth ectocingulum: present (0); absent (1). (Murakami et al. (2012a, 
2012b) #23; modified from Geisler and Sanders, (2003) #31; Geisler et al., (2012; 
2011) #31; Tanaka and Fordyce, (2014, 2015) #23). 
(26) Cheek teeth entocingulum: present (0); absent (1). (Geisler and Sanders, 
(2003) #32; Geisler et al., (2012; 2011) #32; Murakami et al. (2012a, 2012b) #24; 
Tanaka and Fordyce, (2014, 2015) #24). 
(27) Greatest diameter of largest functional tooth as percent of greatest width of 
maxillae at the level of the postorbital processes: large, >5% (0); medium, 5–3% 
(1); small, <3% (2). (Murakami et al. (2012a, 2012b) #25; modified from Aguirre-
Fernandez et al., (2009) #15; Tanaka and Fordyce, (2014, 2015) #25). 
Mandible  
(28) Anterior mandibular teeth: deeply rooted, root >50% of tooth (0); not deeply 
rooted, root <50% of tooth (1). (Messenger and McGuire, (1998) #1471; Geisler 
and Sanders, (2003) #28; Geisler et al., (2012; 2011) #28; Murakami et al. (2012a, 
2012b) #26; derived from Flower, (1872); Moore, (1968) ; Tanaka and Fordyce, 
(2014, 2015) #26).  
(29) Anterior-most mandibular "tooth": about same size as posterior teeth (0); 
smaller than posterior teeth (1); greatly enlarged (2); forming a tusk (3). 





Sanders, (2003) #36; Messenger and McGuire, (1998) #1477; Geisler et al., (2012; 
2011) #36; derived from Flower, (1872) ; Tanaka and Fordyce, (2014, 2015) #27). 
(30) Number of teeth in mandible: 16–11 (0); 9–8 (1); 2 (2); 1 (3); 17–23 (4); 24–27 
(5); 28–39 (6); >40 (7). (Murakami et al. (2012a) #28; modified from Messenger 
and McGuire, (1998) #1468; Geisler and Sanders, (2003) #37; Geisler et al., 
(2012; 2011) #37; Tanaka and Fordyce, (2014, 2015) #28). 
(31) Length of mandibular symphysis as percent of mandible length: long, >20% 
(0); short, <20% (1). (Murakami et al. (2012a, 2012b) #29; modified from 
Messenger and McGuire, (1998) #1465; Arnold and Heinsohn,(1996) #7; 
Bianucci, (2005) #26; Tanaka and Fordyce, (2014, 2015) #29). 
(32) Mandibular symphysis: sutured but unfused (0); fused (1). (Fordyce, (1994) 
#5; Messenger and McGuire, (1998) #1466; Geisler and Sanders, (2003) #40; 
Geisler et al., (2011) (2012) #40; Murakami et al. (2012a, 2012b) #30; derived 
from Flower, (1885) ; Tanaka and Fordyce, (2014, 2015) #30). 
(33) Longitudinal groove on underside of mandibles: absent (0); present (1). 
(Geisler and Sanders, (2003) #41; Geisler et al., (2012; 2011) #41; Murakami et al. 
(2012a, 2012b) #31; derived from Miller, (1923) ; Tanaka and Fordyce, (2014, 
2015) #31). 
(34) Mandible: bowed medially (0); straight (1); slightly bowed laterally (2). 
(Sanders and Barnes, 2002; Geisler and Sanders, (2003) #42; Geisler et al., 
(2011) (2012) #42; Murakami et al. (2012a, 2012b) #32; derived from Miller, 
(1923) ; Tanaka and Fordyce, (2014, 2015) #32). 
(35) Elevation of coronoid process: very high (0); moderate (1); low (2). (Murakami 
et al. (2012a, 2012b) #33; modified from Geisler and Sanders, (2003) #44; 







(36) Antorbital process of maxilla in dorsal view: triangular (0); robust and globose 
or rectilinear (1); absent (2). (Bianucci, (2005) #4; Murakami et al. (2012a, 
2012b) #34; Tanaka and Fordyce, (2014, 2015) #34). 
(37) Angle of anterior edge of supraorbital process and the median line: oriented 
slightly anterolaterally, at an angle <30° (±) with sagittal plane (0) oriented 
anteromedially (1). (Murakami et al. (2012a, 2012b) #35; modified from Geisler 
and Sanders, (2003) #49; Geisler et al., (2011) (2012) #49; Tanaka and Fordyce, 
(2014, 2015) #35). 
(38) Ratio of length of antorbital process of lacrimal to length of the orbit: <0.6 
(0); ≥0.6 (1). (Murakami et al. (2012a, 2012b) #36; Tanaka and Fordyce, (2014, 
2015) #36). 
(39) Lacrimal: wrapping around anterior edge of supraorbital process of frontal and 
slightly overlying its anterior end (0); appearing dorsally and forming most of 
antorbital process (1); appearing dorsally but not prominently in antorbital 
process (2); restricted to below the supraorbital process of maxilla (3). 
(Murakami et al. (2012a, 2012b) #37; modified from Geisler and Sanders, (2003) 
#51; Geisler et al., (2012; 2011) #51; derived from Kellogg, (1923); Miller, (1923) ; 
Tanaka and Fordyce, (2014, 2015) #37).  
(40) Lacrimal foramen or groove: present (0); absent (1). (Geisler and Sanders, 
(2003) #52; Geisler et al., (2012; 2011) #52; Murakami et al. (2012a, 2012b) #38; 
Tanaka and Fordyce, (2014, 2015) #38). 
(41) Lacrimal and jugal fusion: separated (0); fused (1). (Heyning, (1989) #7, (1997) 
#39; Geisler and Sanders, (2003) #53; Geisler et al., (2012; 2011) #53; Murakami 
et al. (2012a, 2012b) #39; derived from Flower, (1868); Schulte, (1917); Miller, 
(1923) ; Tanaka and Fordyce, (2014, 2015) #39).  
(42) Lacrimal and jugal contact: contacting each other externally (0); lacrimal 
excluded from edge of skull, jugal directly contacting anterior edge of frontal 





et al. (2012a, 2012b) #40; derived from Miller, (1923) ; Tanaka and Fordyce, 
(2014, 2015) #40). 
(43) Jugal: thick and sturdy (0); thin, splint, or absent (1). (Geisler and Sanders, 
(2003) #56; Lambert, (2005) #21; Geisler et al., (2012; 2011) #56; Murakami et 
al. (2012a, 2012b) #41; derived from Miller, (1923); Barnes, (1990) ; Tanaka and 
Fordyce, (2014, 2015) #41).  
(44) Combined anteroposterior length of the lacrimal and jugal exposure that is 
posterior to antorbital notch: with skull in ventral view, exposure is small and 
combined length forms <50% of anteroposterior distance from antorbital notch 
to postorbital ridge (0); intermediate, forms between 50 and 62% of that 
distance (1); large, forms between 62 and 69% that distance (2); very large, forms 
>69% of that distance (3). (Murakami et al. in (2012a, 2012b) #42; modified from 
Geisler and Sanders, (2003) #55; Geisler et al., (2012; 2011) #55; Tanaka and 
Fordyce, (2014, 2015) #42). 
(45) Dorsolateral edge of internal opening of infraorbital foramen: formed by 
maxilla (0); formed by maxilla and lacrimal and/or jugal (l); formed by lacrimal 
and/or jugal (2); formed by frontal (3). (Geisler and Sanders, (2003) #57; Geisler 
et al., (2011) (2012) #57; Murakami et al. (2012a, 2012b) #43; derived from Miller, 
(1923) ; Tanaka and Fordyce, (2014, 2015) #43). 
(46) Ventromedial edge of internal opening of infraorbital foramen: formed by 
maxilla (0); formed by maxilla and palatine and/or pterygoid (1); formed by 
palatine and/or pterygoid (2). (Geisler and Sanders, (2003) #58; Geisler et al., 
(2012; 2011) #58; Murakami et al. (2012a, 2012b) #44; derived from Miller, (1923) 
; Tanaka and Fordyce, (2014, 2015) #44). 
(47) Maxillary tuberosity: present (0); absent (1). (Geisler and Sanders, (2003) #59; 
Geisler et al., (2011) #59, (2012) #59; modified from Murakami et al. (2012a) #45; 





(48) Direction of apex of postorbital process of frontal: projected posterolaterally 
and slightly ventrally (0); directed ventrally (1); not clear because of extremely 
reduced process (2). (modified from Murakami et al. (2012a, 2012b) #46; Geisler 
and Sanders, (2003) #61; Geisler et al., (2012; 2011) #61; Tanaka and Fordyce, 
(2014, 2015) #46). 
(49) Shape of postorbital process of frontal: robust, blunt descending posteriorly 
(0); pointed, attenuated, or acute triangular (1); triangular, trapezoidal, or an 
anteroposteriorly widened falciform (2); dorsoventrally long falciform (3). 
(modified from Murakami et al. (2012a, 2012b) #47; Tanaka and Fordyce, (2014, 
2015) #47). 
(50) Frontal-maxilla suture angled posterodorsally at an angle of 50–70° (±) from 
axis of rostrum, with lateral exposure of frontal thickening posteriorly: absent 
(0); present (1). (Geisler and Sanders, (2003) #48; Geisler et al., (2011) #48, 
(2012) #48; Murakami et al. (2012a, 2012b) #48; derived from Miller, (1923) ; 
Tanaka and Fordyce, (2014, 2015) #48). 
Facial Region 
(51) Anterior dorsal infraorbital foramina: one (0); two (1); three or more (2). 
(Murakami et al. (2012a, 2012b) #49; modified from Barnes, (1984b); Geisler and 
Sanders, (2003) #64; Geisler et al., (2011) #64, (2012) #64; Tanaka and Fordyce, 
(2014, 2015) #49). 
(52) Rostral basin: absent or poorly defined (0); present, situated medial to 
antorbital notch and anterior to supraorbital process of frontal (1). (Geisler and 
Sanders, (2003) #65; Geisler et al., (2011) #65, (2012) #65; Murakami et al. 
(2012a, 2012b) #50; Tanaka and Fordyce, (2014, 2015) #50). 
(53) Width of premaxillae at antorbital notches as percent width of rostrum at 
antorbital notch: narrow, <49% (0); moderate, 50–64% (1); wide, >65% (2); 





(2011)#66, (2012) #66; modified from Murakami et al. (2012a, 2012b) #51; 
Tanaka and Fordyce, (2014, 2015) #51). 
(54) Size of premaxillary foramen: right and left subequal (0); right much larger 
than left (1); premaxillary foramen absent (2). (Messenger and McGuire, (1998) 
#1415; Murakami et al. (2012a, 2012b) #53; modified from Geisler and Sanders, 
(2003) #70; Geisler et al., (2011) #70, (2012) #70; Tanaka and Fordyce, (2014, 
2015) #53). 
(55) Position of premaxillary foramen: anterior of antorbital notch and anterior 
edge of supraorbital process (0); approximately medial to or posterior to 
antorbital notch region (1); premaxillary foramen absent (2). (Geisler and 
Sanders, (2003) #71; Geisler et al., (2011) #71, (2012) #71; Murakami et al. (2012a, 
2012b) #54; Tanaka and Fordyce, (2014, 2015) #54). 
(56) Premaxillary foramen locating: medial (0); midpoint to lateral (1) absent (2). 
(modified from Murakami et al. (Murakami et al., 2014): Murakami et al. 
(2012b) #280; Tanaka and Fordyce, (2014, 2015) #55). 
(57) Lateral margin of the right premaxilla posterior to premaxillary foramen: 
widen posteriorly (0); straight (1). (Murakami et al. (2012b) #281; Tanaka and 
Fordyce, (2014, 2015) #56). 
(58) Posterolateral sulcus: deep (0); shallow or absent (1); presence of additional 
posterolateral sulcus (longitudinal striation) (2). (Murakami et al. (2012a, 
2012b) #55; modified from Muizon, (1984, 1988); Lambert, (2008) #6; Geisler 
and Sanders, (2003) #72; Geisler et al. (2011) (2012) #72; Tanaka and Fordyce, 
(2014, 2015) #57). 
(59) Posterior projections of premaxillae: both premaxillae extending posterior to 
anterior tip of nasals (0); both premaxillae extending posterior to nasals (1); only 
right premaxillae extended posterior to nasal (2); neither premaxillae extending 
posterior to external nares, and narrow posterior end of premaxillae adjacent to 





premaxillae displaced laterally by medial projection of maxilla (4); only right 
premaxilla extending beyond or in line with anterior-most portion of nasals (5). 
(Murakami et al. (2012a, 2012b) #76; modified from Muizon (1984); Barnes, 
(1985a); Heyning, (1989) #39, 42, (1997) #63, 71, 74; Arnold and Heinsohn,(1996) 
#35; Messenger and McGuire, (1998) #1407, 1408; Fajardo-Mellor et al., (2006) 
#3; Lambert, (2008) #5; Fordyce, (1994) #27; Tanaka and Fordyce, (2014, 2015) 
#58). 
(60) A posterior dorsal infraorbital foramen placed posteromedially, near posterior 
extremity of premaxilla: absent (0); present (1). (Fordyce, (1994) #62; Lambert, 
(2005) #13; Murakami et al. (2012a, 2012b) #58; Tanaka and Fordyce, (2014, 
2015) #60). 
(61) Premaxillary sac fossae: absent (0); present (1). (Messenger and McGuire, 
(1998) #1411; Lambert, (2005) #4; Murakami et al. (2012a, 2012b) #59; Tanaka 
and Fordyce, (2014, 2015) #61). 
(62) Maxilla on dorsal surface of skull: does not contact supraoccipital posteriorly, 
maxilla separated by frontal and/or parietal (0); contact present (1). (Geisler and 
Sanders, (2003) #129; Geisler et al., (2011) #129, (2012) #129, modified from 
Muizon, (1991) (1994); Murakami et al., (2012a, 2012b) #60; Tanaka and 
Fordyce, (2014, 2015) #62). 
(63) Maxillae at anterior edge of supraorbital processes: abutting anterior edge of 
supraorbital processes of frontals (0); covering partially or almost completely 
surface of supraorbital processes (1). (Murakami et al. (2012a, 2012b) #61; 
modified from Fordyce, (1994) #3; Messenger and McGuire, (1998) #1419; Geisler 
and Sanders, (2003) #76; Geisler et al., (2011) #76, (2012) #76; derived from 
Miller, (1923) ; Tanaka and Fordyce, (2014, 2015) #63). 
(64) Anterolateral corner of maxilla overlying supraorbital process of frontal: thin 
and equal in thickness to parts posteromedial (0); thickened with thinner 





et al., (2011) #78, (2012) #78; Murakami et al. (2012a, 2012b) #62; Tanaka and 
Fordyce, (2014, 2015) #64). 
(65) Pneumatic maxillary crest overhanging medially: absent (0); present (1). 
(Zhou, (1982); Heyning, (1989) #26, (1997) #58; Fordyce, (1994) #66; Arnold and 
Heinsohn,(1996) #14; Messenger and McGuire, (1998) #1421; Murakami et al. 
(2012a, 2012b) #63; Tanaka and Fordyce, (2014, 2015) #65). 
(66) Maxillary crest on supraorbital process of maxilla: longitudinal ridges absent 
except at lateral edge of antorbital process (0); presence of longitudinal ridge 
except at lateral edge of antorbital process (1); longitudinal ridge present and 
joined with maxillary flange (2); presence of transversely compressed high crest, 
except at lateral edge of antorbital process (3); absent (4). (Murakami et al. 
(2012a, 2012b) #64; modified from Muizon, (1984) (1987); Barnes, (1985b); 
Messenger and McGuire, (1998) #1420; Geisler and Sanders, (2003) #79; Geisler 
et al., (2011) #79, (2012) #79; derived from Miller, (1923) ; Tanaka and Fordyce, 
(2014, 2015) #66). 
(67) Anterior edge of nasals: anterior to, or in line with, anterior edges of 
supraorbital processes of frontals (0); posterior to anterior edges of supraorbital 
processes of frontals (1). (Murakami et al. (2012a, 2012b) #65; modified from 
Geisler and Sanders, (2003) #80; Geisler et al., (2011) #80, (2012) #80; Tanaka 
and Fordyce, (2014, 2015) #67). 
(68) Premaxillae in dorsal view: separated anterior to bony nares, exposing 
mesethmoid (0); joined premaxillae (or maxillae) closing at least posterior part 
of mesorostral groove (1). (Lambert, (2005) #3; Murakami et al. (2012a, 2012b) 
#66; Tanaka and Fordyce, (2014, 2015) #68). 
(69) Anterior edge of bony nares: inverted V-shaped, premaxillae gradually 
converging anteriorly to midline (0); inverted U-shaped, premaxillae abruptly 
converging anteriorly to midline (1). (Muizon, (1988); Geisler and Sanders, 
(2003) #81; Geisler et al., (2011) #81, (2012) #81; Murakami et al. (2012a, 2012b) 





(70) Fossa for inferior vestibule on maxilla lateral to external nares or lateral to 
premaxilla: absent (0); present (1). (Muizon, (1988); Murakami et al. (2012a, 
2012b) #68; derived from Curry, (1992) ; Tanaka and Fordyce, (2014, 2015) #70). 
(71) Maxillary intrusion, anterior to external nares and encroaching the 
posteromedial or medial face of each premaxilla: absent (0); maxilla visible 
within opened mesorostral canal as small exposure medially (1); exposure of 
maxilla reaches dorsally to level of premaxilla and forms a square, rectangular 
to triangular plate (2); exposure of maxilla reaches dorsally and forms a small 
subcircular to polygonal ossicle (3). (Muizon, (1984) (1988); Arnold and 
Heinsohn,(1996) #24; Messenger and McGuire, (1998) #1422; Murakami et al. 
(2012a, 2012b) #69; Tanaka and Fordyce, (2014, 2015) #71). 
(72) Premaxillary crest or posterior maxillary crest adjacent to nasal: absent (0); 
present (1). (transverse premaxillary crest, sensu Lambert, (2005) #6; Murakami 
et al. (2012a, 2012b) #70; Tanaka and Fordyce, (2014, 2015) #72). 
(73) Premaxilla: not overhanging itself or maxilla laterally (0); overhanging itself 
or maxilla laterally, from anterior to midpoint of external nares (1). (Murakami 
et al. (2012a, 2012b) #71; Tanaka and Fordyce, (2014, 2015) #73). 
(74) Premaxillary sac fossa: smooth (0); rugose (1). (Messenger and McGuire, 
(1998) #1551; Murakami et al. (2012a, 2012b) #72; Tanaka and Fordyce, (2014, 
2015) #74). 
(75) Ratio of width of right premaxilla to width of left premaxilla in line with 
midpoint of external nares: 0.90–1.19 (0); 1.20–1.50 (1); 1.50> (2). (Murakami et 
al. (2012a, 2012b) #73; Tanaka and Fordyce, (2014, 2015) #75). 
(76) Ratio of greatest width of premaxillae to greatest width of maxillae at level of 
postorbital processes: ≥0.50 (0); 0.49–0.38 (1); <0.38 (2). (Murakami et al. 
(2012a, 2012b) #74; Tanaka and Fordyce, (2014, 2015) #76). 
(77) Premaxillary eminence: absent (0); present but low (1); present and high (2). 





Muizon, (1984); Barnes, (1985a); Heyning, (1989) #36, (1997) #68; Arnold and 
Heinsohn,(1996) #12; Messenger and McGuire, (1998) #1410; Geisler and 
Sanders, (2003); #68; Fajardo-Mellor et al., (2006) #2; Geisler et al., (2011) #68, 
(2012) #69; derived from Flower, (1867); Noble and Fraser, (1971) ; Tanaka and 
Fordyce, (2014, 2015) #77).  
(78) Intra-premaxillary foramen on posterior dorsal surface of skull, which is 
bounded by premaxilla and maxilla: absent (0); present (1) (Tanaka and Fordyce, 
(2014, 2015) #279) 
(79) Right premaxilla: portion anterior to nasal opening wider than portion 
posterior to opening, with nasal septum angled anteriorly and to left (0); portion 
posterior to nasal opening wider than portion anterior to opening, with nasal 
septum angled anteriorly and to right (1). (modified from Geisler and Sanders, 
(2003); #86; Geisler et al., (2011) #86, (2012) #86; Murakami et al. (2012a, 
2012b) #77; Tanaka and Fordyce, (2014, 2015) #78). 
(80) Left bony naris: same size or slightly larger than right bony naris (0); at least 
twice the size of right bony naris (1). (Barnes, (1990); Geisler and Sanders, 
(2003) #87; Geisler et al., (2011) #87, (2012) #87; Murakami et al. (2012a, 2012b) 
#78; Tanaka and Fordyce, (2014, 2015) #79). 
(81) Supracranial basin: absent (0); present (1). (Heyning, (1989) #8, (1997) #40; 
Fordyce, (1994) #18; Messenger and McGuire, (1998) #1400; Geisler and 
Sanders, (2003) #88; Lambert, (2005) #10; Geisler et al., (2011) #88, (2012) #88; 
Murakami et al. (2012a, 2012b) #79; Tanaka and Fordyce, (2014, 2015) #80). 
(82) Proximal ethmoid region: not visible in dorsal view, roofed over by nasals (0); 
exposed dorsally (1). (Messenger and McGuire, (1998) #1455; Geisler and 
Sanders, (2003) #92; Geisler et al., (2011) #92, (2012) #92; Murakami et al. 






(83) Mesethmoid: not expanded posterodorsally (0); extended posterodorsally but 
narrow (1); expanded posterodorsally and visible in lateral view (2). (Murakami 
et al. (2012a, 2012b) #81; modified from Muizon, (1984, 1988); Messenger and 
McGuire, (1998) #1454; Bianucci, (2005) #9; Tanaka and Fordyce, (2014, 2015) 
#82). 
Vertex and Area Adjacent to the Nares 
(84) Inflections of ascending processes of premaxillae: gradual (0); vertical (1). 
(Geisler and Sanders, (2003) #107; Geisler et al., (2011) #107, (2012) #107; 
modified from Murakami et al. (2012a, 2012b) #82; derived from Fordyce, (1994) 
; Tanaka and Fordyce, (2014, 2015) #83). 
(85) Inflections of premaxillae just anterior to, or in line with, anterior edge of 
supraorbital processes of frontals: absent (0); present (1) (Murakami et al. 
(2012a, 2012b) #83; modified from Geisler and Sanders, (2003) #108; Geisler et 
al., (2011) #108, (2012) #108; Tanaka and Fordyce, (2014, 2015) #84). 
(86) Premaxillary cleft: absent (0); present, posterior part of ascending processes 
of premaxillae bearing a distinct cleft, originating at posterior edge of 
premaxillae and continuing anteriorly, dividing each premaxilla into two (1); 
present, with shallow cleft (2). (Geisler and Sanders, (2003) #109; Geisler et al., 
(2011) #109, (2012) #109; Murakami et al. (2012a, 2012b) #84; Tanaka and 
Fordyce, (2014, 2015) #85). 
(87) Nasal bones: two (0); one or zero (1). (Heyning, (1989) #9, (1997) #41; 
Murakami et al. (2012a, 2012b) #85; modified from Messenger and McGuire, 
(1998) #1431; Geisler and Sanders, (2003) #113; Geisler et al., (2011) #113, (2012) 
#113; derived from Kuzmin, (1976) ; Tanaka and Fordyce, (2014, 2015) #86). 
(88) Nasals: lower than frontals (0); nearly same height as frontals (1); clearly 
higher than frontals (2). (Muizon, (1988); Messenger and McGuire, (1998) 
#1434; Geisler and Sanders, (2003); #124; Geisler et al., (2011) #124, (2012) #124; 





(89) Nasal protuberance: absent (0); present (1). (Muizon, (1988); Messenger and 
McGuire, (1998) #1433; Fajardo-Mellor et al., (2006) #7; Lambert, (2008) #8; 
Murakami et al. (2012a, 2012b) #87; Tanaka and Fordyce, (2014, 2015) #88). 
(90) Both nasals: straight anterior edges in one transverse plane (0); with point on 
midline and gap on each side between premaxilla and nasal (1); concave 
posteriorly on midline and gap on each side between premaxilla and nasal (2); 
concave posteriorly on midline (3). (Murakami et al. (2012a, 2012b) #88; 
modified from Geisler and Sanders, (2003) #116; Geisler et al., (2011) #116, (2012) 
#116; derived from Moore, (1968) ; Tanaka and Fordyce, (2014, 2015) #89). 
(91) Nasals: fossae on nasals absent (0); smooth-surfaced fossa on anterior to 
anterolateral surface (1). (Messenger and McGuire, (1998) #1437; Murakami et 
al. (2012a, 2012b) #89; Tanaka and Fordyce, (2014, 2015) #90). 
(92) Transverse width of either of nasals as percent maximum length of nasals: very 
narrow, <20% (0); narrow, 21–69% (1); wide, >70% (2). (Murakami et al. (2012a) 
#90; modified from Muizon, (1988); Messenger and McGuire, (1998) #1432; 
Geisler and Sanders, (2003); #119; Geisler et al., (2011) #119, (2012) #119; Tanaka 
and Fordyce, (2014, 2015) #91). 
(93) Nasals: medial portions roughly in same horizontal plane as, or higher than, 
lateral portions (0); medial portions depressed, forming a median trough 
immediately posterior to nasal openings (1). (Muizon, (1988, 1991); Geisler and 
Sanders, (2003); #118; Geisler et al., (2011) #118, (2012) #118; Murakami et al. 
(2012a, 2012b) #91; Tanaka and Fordyce, (2014, 2015) #92). 
(94) Lateral edges of nasals: not overhanging or covering maxillae or premaxillae 
(0); overhanging or partly covering maxillae or premaxillae (1). (Murakami et al. 
(2012a, 2012b) #92; Tanaka and Fordyce, (2014, 2015) #93). 
(95) Nasal-frontal suture: approximately straight transversely (0); anterior wedge 
(narial process) between frontal posterior ends of nasals (1); W or reversed U 





(1988); Geisler and Sanders, (2003) #121; Geisler et al., (2011) #121, (2012) #121; 
Tanaka and Fordyce, (2014, 2015) #94). 
(96) Frontals posterior to nasals and between premaxillae: wider than maximum 
transverse width across nasals (0); same as transverse width of nasals (1); 
narrower than transverse width of nasals, maxillae expanded medially posterior 
to nasals (2). (Geisler and Sanders, (2003)#125; Geisler et al., (2011) #125, (2012) 
#125; Murakami et al. (2012a, 2012b) #94; modified from Messenger and 
McGuire, (1998) #1457; Tanaka and Fordyce, (2014, 2015) #95). 
(97) Frontal boss on vertex: absent (0); present (1). (Muizon, (1984, 1988); 
Messenger and McGuire, (1998) #1461; Fajardo-Mellor et al., (2006) #12; 
Murakami et al. (2012a, 2012b) #95; modified from Lambert, (2008) #9; Tanaka 
and Fordyce, (2014, 2015) #96). 
(98) Vertex: absent (0); present (1); highly developed (2). (Murakami et al. (2012a) 
#96; Muizon, (1991); Messenger and McGuire, (1998) #1404; Lambert, (2005) 
#7; Tanaka and Fordyce, (2014, 2015) #97). 
(99) Cranial vertex skewed asymmetrically to left side: absent (0); present (1). 
(Barnes, (1990); Bianucci, (2005) #7; Aguirre-Fernandez et al., (2009) #18; 
Murakami et al. (2012a, 2012b) #97; Tanaka and Fordyce, (2014, 2015) #98). 
(100) Anterodorsal wall of braincase: formed by frontals (0); mostly formed by 
maxillae (1). (Geisler and Sanders, (2003) #127; Geisler et al., (2011) #127, (2012) 
#127; Murakami et al. (2012a, 2012b) #98; derived from Schulte, (1917); Miller, 
(1923) ; Tanaka and Fordyce, (2014, 2015) #99). 
(101) Nuchal crest: higher than frontals and/or nasals (0); at same level as frontals 
and/or nasals (1); below frontals and/or nasals (2). (Murakami et al. (2012a, 
2012b) #99; modified from Geisler and Sanders, (2003) #128; derived from 
Moore, (1968) ; Tanaka and Fordyce, (2014, 2015) #100). 





(102) Temporal fossa shape in lateral view: height lower than anteroposterior 
length (0); higher (1); nearly equilateral square (2); lower and its posterior end 
is rounded (3). (Tanaka and Fordyce, (2014, 2015) #281) 
(103) Temporal fossa: not roofed over by lateral expansion of maxillae (0); roofed 
over by lateral expansion of maxillae (1). (Muizon, (1988); Heyning, (1989) #22, 
(1997) #54; Arnold and Heinsohn,(1996) #39; Messenger and McGuire, (1998) 
#1453; Murakami et al. (2012a, 2012b) #100; Tanaka and Fordyce, (2014, 2015) 
#101). 
(104) Roof of temporal fossa formed by: frontals (0); frontals, but with large 
opening through maxillae and/or premaxillae exposing margins of window 
formed by a frontal ring (1). (Geisler and Sanders, (2003) #132; Geisler et al., 
(2011) #132, (2012) #132; Murakami et al. (2012a, 2012b) #101; Tanaka and 
Fordyce, (2014, 2015) #102). 
(105) Position and orientation of origin for temporal muscle on supraorbital 
process of frontal: origin laying on posterior face of supraorbital process and 
directed roughly posteriorly (0); origin lying on posteroventral face of 
supraorbital process and directed roughly ventrally (1). (Fordyce, (1994) #8; 
Lambert, (2005) #23; Murakami et al. (2012a, 2012b) #102; Tanaka and Fordyce, 
(2014, 2015) #103). 
(106) Parietal dorsally: not fused to frontal or supraoccipital (0); completely fused 
to, and indistinguishable from, frontal or supraoccipital (1). (Murakami et al. 
(2012a, 2012b) #103; Tanaka and Fordyce, (2014, 2015) #104). 
(107) Parietals in dorsal view: contacting each other on the midline or separated 
by interparietal (0); in skull roof but visible only as small triangular areas at 
edges of intertemporal constriction, with supraoccipital overlapping and 
obscuring median portions (1); completely absent in skull roof (2); visible only 
as triangular areas, dorsolateral to supraoccipital, with non-overlapping 
supraoccipital separated from and contacting parietals along irregular suture 





Murakami et al. (2012a, 2012b) #104; derived from Whitmore and Sanders, 
(1977); Barnes, (1990); modified from Lambert, (2005) #15; Tanaka and Fordyce, 
(2014, 2015) #105). 
(108) Interparietal: present (0); absent or fused and therefore not distinguishable 
from parietals and frontals (1). (Geisler and Sanders, (2003) #135; Geisler et al., 
(2011) #135, (2012) #135; Murakami et al. (2012a) #105; Tanaka and Fordyce, 
(2014, 2015) #106). 
(109) Sagittal crest for temporal muscle: present (0); absent (1). (Murakami et al. 
(2012a, 2012b) #106; modified from Geisler and Sanders, (2003) #136; Geisler et 
al., (2011) #136, (2012) #136; Tanaka and Fordyce, (2014, 2015) #107). 
(110) Alisphenoid: broadly exposed laterally in temporal fossa (0); lateral surface 
broadly overlapped by parietal, with a narrow strip visible or invisible on ventral 
edge of temporal fossa in lateral view (1). (Geisler and Sanders, (2003) #141; 
Geisler et al., (2011) #141, (2012) #141; Murakami et al. (2012a) #107; Tanaka and 
Fordyce, (2014, 2015) #108). 
(111) Anterior zygomatic process end of squmosal in lateral view: taipered (0); 
squared (1). (Tanaka and Fordyce, (2014, 2015) #282) 
(112) Zygomatic process of squamosal: directed anterolaterally (0); directed 
anteriorly (1). (Sanders and Barnes, 2002; Geisler and Sanders, (2003) #142; 
Geisler et al., (2011) #142, (2012) #142; Murakami et al. (2012a, 2012b) #108; 
Tanaka and Fordyce, (2014, 2015) #109). 
(113) Zygomatic process of squamosal in lateral view: part of dorsal face visible (0); 
entire dorsal surface of squamosal visible (1). (Murakami et al. (2012a, 2012b) 
#109; Tanaka and Fordyce, (2014, 2015) #110). 
(114) Emargination of posterior edge of zygomatic process by neck muscle fossa, 
skull in lateral view: absent, posterior edge forming nearly right angle with 
dorsal edge of zygomatic process of squamosal (0); shallow emargination (1); 





#144, (2012) #144; Murakami et al. (2012a, 2012b) #110; Tanaka and Fordyce, 
(2014, 2015) #111). 
(115) Width of squamosal lateral to exoccipital as percent greatest width of 
exoccipitals, skull in posterior view: exposed portion of squamosal narrow, <15% 
(0); moderate, 16–35% (1). (modified from Geisler and Sanders, (2003) #145; 
Geisler et al., (2011) #145, (2012) #145; Murakami et al. (2012a, 2012b) #111; 
Tanaka and Fordyce, (2014, 2015) #112). 
(116) Postglenoid process of squamosal: not reduced (0); greatly reduced (1). 
(Murakami et al. (2012a, 2012b) #113; Tanaka and Fordyce, (2014, 2015) #114). 
(117) Postglenoid process in lateral view: tapering ventrally (0); squared off 
ventrally (1); same as state 1 except very wide anteroposterior diameter of 
process (2). (Geisler and Sanders, (2003) #151; Lambert, (2005) #24; Geisler et 
al., (2011) #151, (2012) #151; Murakami et al. (2012a, 2012b) #114; derived from 
Muizon, (1991) ; Tanaka and Fordyce, (2014, 2015) #115). 
(118) Relative ventral projections of postglenoid and post-tympanic processes of 
squamosal: postglenoid process more ventral or at same level as post-tympanic 
process (0); apex of postglenoid process dorsally higher than post-tympanic 
process (1). (Lambert, (2005) #25; Murakami et al. (2012a). b #115; Tanaka and 
Fordyce, (2014, 2015) #116). 
(119) Nuchal crest in dorsoposterior view: semicircular, pointed anteriorly (0); 
rectangular or weakly convex anteriorly or posteriorly (1); convex posteriorly 
and/or midpoint convex triangular and pointed anteriorly (2); prominently 
convex anteriorly (3); strongly convex posteriorly (4). (Murakami et al. (2012a, 
2012b) #116; modified from Geisler and Sanders, (2003); #152; Geisler et al., 
(2011) #152, (2012) #152; derived from Barnes, (1985b) ; Tanaka and Fordyce, 
(2014, 2015) #117). 
(120) Occipital shield: smoothly convex or concave (0); bearing distinct sagittal 





et al., (2011) #155, (2012) #155; Murakami et al. (2012a, 2012b) #117; Tanaka and 
Fordyce, (2014, 2015) #118). 
(121) Dorsal condyloid fossa: absent (0); present, situated anterodorsal to dorsal 
edge of condyle (1); present and forming deep pit (2). (Geisler and Sanders, 
(2003) #156; Geisler et al., (2011) #156, (2012) #156; Murakami et al. (2012a, 
2012b) #118; derived from Sanders and Barnes, (2002) ; Tanaka and Fordyce, 
(2014, 2015) #119). 
Anterior Basicranium 
(122) Palatine in nasal passage: thin, forming posterior part of nasal passage (0); 
thick, forming part of anterior wall of nasal cavities (1); palatine does not join 
anterior wall of nasal passage (2). (Murakami et al. (2012a, 2012b) #119; modified 
from Geisler and Sanders, (2003); #158; Geisler et al., (2011) #158, (2012) #158; 
derived from Miller, (1923) ; Tanaka and Fordyce, (2014, 2015) #120). 
(123) Palatine exposure: exposed ventrally (0); partially covered by pterygoid, 
which divides it into medial and lateral exposures (1); ventral surfaces 
completely covered by pterygoids (2). (Muizon, (1987); Arnold and 
Heinsohn,(1996) #15; Messenger and McGuire, (1998) #1440; Geisler and 
Sanders, (2003) #159; Lambert, (2005) #27; Geisler et al., (2011) #159, (2012) 
#159; Murakami et al. (2012a, 2012b) #120; derived from Miller, (1923) ; Tanaka 
and Fordyce, (2014, 2015) #121).  
(124) Lateral lamina of palatine: absent (0); present (1). (Muizon, (1984, 1988), 
(1991); Arnold and Heinsohn,(1996) #16; Messenger and McGuire, (1998) #1443; 
Murakami et al. (2012a, 2012b) #121; Tanaka and Fordyce, (2014, 2015) #122). 
(125) Lateral lamina of palatine relationship with maxilla: free from or sutured to 
maxilla (0); fused to maxilla (1). (Muizon, (1988); Messenger and McGuire, 
(1998) #1439; Geisler and Sanders, (2003) #161; Geisler et al., (2011) #161, (2012) 






(126) Lateral lamina of palatine relationship with orbit: does not form bony bridge 
“over” (= ventral to) orbit (0); does form bony bridge “over” (= ventral to) orbit 
(1). (Muizon, (1984); Messenger and McGuire, (1998) #1444; Murakami et al. 
(2012a, 2012b) #123; Tanaka and Fordyce, (2014, 2015) #124). 
(127) Pterygoids in anteroventral view: separated from each other by 
posteroventrally elongated palatines and/or vomer (0); contacting entire length 
of hamular process (1); contacting each other partially (2). (Murakami et al. 
(2012a, 2012b) #124; modified from Arnold and Heinsohn,(1996) #5; Messenger 
and McGuire, (1998) #1445; Fajardo-Mellor et al., (2006) #9; derived from 
Flower, (1884); Barnes, (1985a); Marsh et al., (1989) ; Tanaka and Fordyce, (2014, 
2015) #125). 
(128) Medial pterygoid-palatine suture in ventral view: angled anteromedially (0); 
nearly transverse (1); angled anterolaterally (2); angled anteroposteriorly (3). 
(Murakami et al. (2012a, 2012b) #125; modified from Geisler and Sanders, 
(2003) #162; Geisler et al., (2011) #162, (2012) #162; Tanaka and Fordyce, (2014, 
2015) #126). 
(129) Lateral lamina of pterygoid: absent (0); present and articulated with 
alisphenoid (1); partial, restricted to region lateral to hamular process (2). 
(Murakami et al. (2012a) #126; modified from Arnold and Heinsohn,(1996) #121; 
Messenger and McGuire, (1998) #1446; Geisler and Sanders, (2003) #164; 
Lambert, (2005) #32; Geisler et al., (2011) #164, (2012) #164; derived from Miller, 
(1923); Kellogg, (1936); Fraser and Purves, (1960) ; Tanaka and Fordyce, (2014, 
2015) #127). 
(130) Subtemporal crest: present (0); present but reduced, or absent (1). (modified 
from Geisler and Sanders, (2003) #165; Geisler et al., (2011) #165, (2012) #165; 
Murakami et al. (2012a, 2012b) #127; Tanaka and Fordyce, (2014, 2015) #128). 
(131) Superior lamina of pterygoid: absent from sphenoidal region but present in 
orbital region (0); present and covers most of ventral exposure of alisphenoid 





region (3). (Murakami et al. (2012a, 2012b) #128; modified from Arnold and 
Heinsohn,(1996) #16; Geisler and Sanders, (2003) #167; Geisler et al., (2011) 
#167, (2012) #167; derived from Miller (1923); Fraser and Purves, (1960)) ; 
Tanaka and Fordyce, (2014, 2015) #129. 
(132) Pterygoids excavated anterior to choanae by the pterygoid sinuses, with 
distinct anterior fossa clearly limited forwards by rounded wall: absent (0); 
present (1). (Lambert, (2005) #28; Murakami et al. (2012a, 2012b) #129; Tanaka 
and Fordyce, (2014, 2015) #130). 
(133) Depth of pterygoid sinus fossa in basicranium: shallow or partially excavated 
(0); deep, excavated dorsally to level of cranial foramen oval (1); deep, and 
extended dorsally into orbit (2). (modified from Fordyce, (1994) #6; Lambert, 
(2005) #30; Murakami et al. (2012a, 2012b) #130; Tanaka and Fordyce, (2014, 
2015) #131). 
(134) Anterior level of pterygoid sinus fossa: interrupted posterior to, or the level 
of, antorbital notch (0); extending beyond the level of the antorbital notch (1). 
(Lambert, (2005) #29; Murakami et al. (2012a, 2012b) #131; Tanaka and Fordyce, 
(2014, 2015) #132). 
(135) Preorbital and postorbital fossae of pterygoid sinuses: widened apices of 
preorbital and postorbital fossae of pterygoid sinuses present but fossae not 
merged or fused (0); widened apices of preorbital and postorbital fossae of 
pterygoid sinuses merged or fused dorsal to path of optic nerve (1). (Murakami 
et al. (2012a, 2012b) #132; modified from Muizon, (1988); Arnold and 
Heinsohn,(1996) #19; Bianucci, (2005) #10; Aguirre-Fernandez et al., (2009) 
#19; Tanaka and Fordyce, (2014, 2015) #133). 
(136) Fossa for preorbital lobe of pterygoid sinus in orbit: absent (0); present (1). 
(Fraser and Purves, (1960); Arnold and Heinsohn,(1996) #18; Murakami et al. 





(137) Dorsal development of fossa for preorbital lobe of pterygoid sinus toward the 
frontal-maxilla suture: absent (0); present (1). (Muizon, (1984, 1988); Heyning, 
(1989) #37, (1997) #69; Messenger and McGuire, (1998) #1460; Arnold and 
Heinsohn,(1996) #20; Lambert, (2008) #13; Murakami et al. (2012a, 2012b) 
#134; modified from Fajardo-Mellor et al., (2006) #13; derived from Fraser and 
Purves, (1960) ; Tanaka and Fordyce, (2014, 2015) #135). 
(138) Postorbital lobe of pterygoid sinus fossa: absent (0); present (1). (Arnold and 
Heinsohn,(1996) #18; Geisler and Sanders, (2003) #170; Geisler et al., (2011) 
#170, (2012) #170; Murakami et al. (2012a, 2012b) #135; derived from Fraser and 
Purves, (1960) ; Tanaka and Fordyce, (2014, 2015) #136). 
(139) Anteroposteriorly elongated pterygoid sinus fossa, at level of orbit, bordered 
by mediolaterally compressed subtemporal crest of frontal: absent (0); present 
(1). (Murakami et al. (2012a, 2012b) #136; Tanaka and Fordyce, (2014, 2015) 
#137). 
(140) Orbitosphenoid: not contacting lacrimal or lacrimojugal (0); contacting 
lacrimal or lacrimojugal (1). (Murakami et al. (2012a, 2012b) #137; Tanaka and 
Fordyce, (2014, 2015) #138). 
(141) Ratio of length of hamular process of pterygoid to cranium length: <0.30 (0); 
0.30–0.44 (1); 0.45–0.59 (2); >0.60 (3). The length of the hamular process of 
the pterygoid is measured from anterior edge of the pterygoid to posterior edge 
of the hamular process. The cranium length is measured from anterior edge of 
the antorbital process to posterior edge of occipital condyles. (Murakami et al. 
(2012a, 2012b) #138; modified from Heyning, (1989) #18, (1997) #50; Muizon, 
(1991); Messenger and McGuire, (1998) #1447; Lambert, (2005) #31; Tanaka and 
Fordyce, (2014, 2015) #139). 
(142) Keel affecting ventral surfaces of hamular processes: absent (0); present (1). 
(Muizon, (1988); Messenger and McGuire, (1998) #1449; Bianucci, (2005) #14; 
Murakami et al. (2012a, 2012b) #139; modified from Fajardo-Mellor et al., 





(143) Exposure of medial lamina of pterygoid hamuli in lateral view: complete or 
broad exposure due to extreme reduction of lateral lamina of pterygoid hamuli 
(0); no exposure due to a posterior extension of lateral lamina extending 
posterior to medial lamina (1); medial lamina of pterygoid hamuli exposing 
lateral lamina through ovoid window in lateral view (2). (Muizon, (1988); 
Fajardo-Mellor et al., (2006) #11; Murakami et al. (2012a, 2012b) #140; derived 
from Noble and Fraser, (1971) ; Tanaka and Fordyce, (2014, 2015) #141). 
(144) Shape of restricted area between postorbital ridge of frontal and subtemporal 
crest from ventral view: anteroposteriorly long elliptical (0); wide fan-shape (1); 
narrow fan-shape (2), rhombus (3). (Tanaka and Fordyce, (2014, 2015) #280) 
Posterior Basicranium 
(145) Falciform process of squamosal: plate-like with anteroposteriorly wide base 
(0); rod-like with narrow base (1); poorly developed or absent (2). (Geisler and 
Sanders, (2003) #176; Geisler et al., (2011) #176, (2012) #176; Murakami et al. 
(2012a, 2012b) #141; modified from Lambert, (2005) #36; Tanaka and Fordyce, 
(2014, 2015) #142). 
(146) Falciform process of squamosal: medial surface not sutured to lateral lamina 
of pterygoid (0); medial surface sutured to lateral lamina of pterygoid (1). 
(Murakami et al. (2012a, 2012b) #142; modified from Geisler and Sanders, 
(2003) #177; Geisler et al., (2011) #177, (2012) #177; Tanaka and Fordyce, (2014, 
2015) #143). 
(147) Tympanosquamosal recess: absent, with anterior transverse ridge present 
(0); anterior transverse ridge absent and middle sinus inferred to be present 
without a large tympanosquamosal recess (1); present and enlarged, forming 
triangular fossa medial and anteromedial to postglenoid process (2); very large, 
forming large fossa bordering entire medial edge of glenoid fossa (3). (Geisler 
and Sanders, (2003) #178; Geisler et al., (2011) #178, (2012) #178; Murakami et 





and Purves, (1960), and Fordyce, (2002) ; Tanaka and Fordyce, (2014, 2015) 
#144). 
(148) Bifurcation of tympanosquamosal recess: absent, almost undeveloped, 
elliptic (0); present, with a clear expansion anteriorly, invasion of mandibular 
fossa medially, and a depression (expansion) at the postglenoid process 
posteriorly (1). (Murakami et al. (2012a, 2012b) #144; modified from Muizon, 
(1988); Bianucci, (2005) #11; Aguirre-Fernandez et al., (2009) #20; Tanaka and 
Fordyce, (2014, 2015) #145). 
(149) Fossa for the basisphenoidal sinus: absent (0); present (1). (Fraser and Purves, 
(1960); Mead and Fordyce, (2009); Murakami et al. (2012a, 2012b) #145; Tanaka 
and Fordyce, (2014, 2015) #146). 
(150) Position of more-distal part of alisphenoid-squamosal suture, with skull in 
ventral view: anterior to external opening of foramen oval or a homologous 
groove (0); courses along groove for mandibular branch of trigeminal nerve, or 
just posterior to it (1); just medial to anterior edge of floor of squamosal fossa, 
foramen ovale, and/or groove situated entirely on alisphenoid (2). (Geisler and 
Sanders, (2003) #180; Geisler et al., (2011) #180, (2012) #180; Murakami et al. 
(2012a, 2012b) #146; Tanaka and Fordyce, (2014, 2015) #147). 
(151) Groove for mandibular branch of trigeminal nerve: lateral end of groove 
wrapping laterally around posterior end of pterygoid sinus fossa and opening 
primarily anteriorly (0); directed laterally and located entirely posterior to 
pterygoid sinus fossa (1). (Murakami et al. (2012a, 2012b) #147; modified from 
Geisler and Sanders, (2003) #181; Geisler et al., (2011) #181, (2012) #181; Tanaka 
and Fordyce, (2014, 2015) #148). 
(152) Suprameatal pit of squamosal: absent (0); present but shallow, situated 
dorsolateral to spiny process of squamosal (1); forming deep dorsolateral 
excavation into squamosal (2). (Geisler and Sanders, (2003) #185; Geisler et al., 
(2011) #185, (2012) #185; Murakami et al. (2012a, 2012b) #149; Tanaka and 





(153) Foramen spinosum: absent (0); present, located in anteromedial corner of 
anterior part of periotic fossa near or on squamosal-parietal suture (1). (Muizon, 
(1994); Geisler and Sanders, (2003)#186; Geisler et al., (2011) #186, (2012) #186; 
Murakami et al. (2012a, 2012b) #150; Tanaka and Fordyce, (2014, 2015) #150). 
(154) Posterior portion of periotic fossa of squamosal: fossa absent (0); fossa 
present but shallow (1); highly compressed fossa forming narrow slit or small 
blind foramen (2); posteromedial portion contains large deep fossa (3). (Geisler 
and Sanders, (2003) #187; Geisler et al., (2011) #187, (2012) #187; Murakami et 
al. (2012a, 2012b) #149 and #151; Tanaka and Fordyce, (2014, 2015) #151). 
(155) Length of zygomatic process of squamosal as percent of greatest width of 
maxilla at postorbital process: >31% (0); ≤30% (1). (Murakami et al. (2012a, 
2012b) #152; modified from Heyning, (1989) #33, 35, #65, 67; Geisler and 
Sanders, (2003) #188; Geisler et al., (2011) #188, (2012) #188; Tanaka and 
Fordyce, (2014, 2015) #152)  
(156) External auditory meatus: wide (0); narrow (1). (Fordyce, (1994) #10; Geisler 
and Sanders, (2003) #189, (2012) #189; Lambert, (2005) #26; Geisler et al., 
(2011) #189; Murakami et al. (2012a, 2012b) #153). 
(157) Vomer: posterior edge terminating on or at anterior edge of basisphenoid (0); 
terminating on basioccipital, covering basioccipital-basisphenoid suture 
ventrally (1). (Barnes, (1984b); Geisler and Sanders, (2003) #190; Geisler et al., 
(2011) #190, (2012) #190; Murakami et al. (2012a, 2012b) #154; Tanaka and 
Fordyce, (2014, 2015) #153). 
(158) Rectus capitus anticus muscle fossa: absent or poorly developed (0); present 
with well-defined anterior edge (1). (Geisler and Sanders, (2003) #192; Geisler 
et al., (2011) #192, (2012) #192; Murakami et al. (2012a, 2012b) #155; Tanaka and 
Fordyce, (2014, 2015) #155). 
(159) Posteroventral-most point of basioccipital crest: rounded over (0); forming 





dorsally from rest of basioccipital crest (1); projecting distinct flange posteriorly 
(2); distinct but separated by pronounced notch, interrupting basioccipital crest 
(3). (Geisler and Sanders, (2003) #193; Geisler et al., (2011) #193, (2012) #193; 
Murakami et al. (2012a, 2012b) #156; Tanaka and Fordyce, (2014, 2015) #156). 
(160) Angle formed by basioccipital crests in ventral view: parallel with no angle 
formed (0); ca. 15–40° (1); ca. 42–68° (2); ca. 70–90° (3); >100° (4). (Murakami 
et al. (2012a, 2012b) #157; modified from Geisler and Sanders, (2003) #194; 
Geisler et al., (2011) #194, (2012) #194; Tanaka and Fordyce, (2014, 2015) #157). 
(161) Basioccipital width compared with maximum width of skull in ventral view: 
narrow, less than 50% (0), wider, larger than 51% (1). (Tanaka and Fordyce, 
(2014, 2015) #283) 
(162) Hypoglossal foramen: separated from jugular foramen, or jugular notch, by 
thick bone (0); separated by very thin bone or absent, in latter case hypoglossal 
foramen becoming confluent with jugular foramen (1). (Geisler and Sanders, 
(2003) #195; Geisler et al., (2011) #195, (2012) #195; Murakami et al. (2012a, 
2012b) #158; Tanaka and Fordyce, (2014, 2015) #158). 
(163) Jugular notch, gap between paroccipital process and basioccipital crest: open 
notch, width of opening and depth of notch about equal (0); narrow and almost 
slit-like, depth much greater than width of opening (1). (Geisler and Sanders, 
(2003) #196; Geisler et al., (2011) #196, (2012) #196; Murakami et al. (2012a, 
2012b) #159; Tanaka and Fordyce, (2014, 2015) #159; Tanaka and Fordyce, (2014, 
2015) #159). 
(164) Paroccipital process, skull in ventral view: posterior edge located well 
anterior to the posterior edge of condyle (0); posterior edge in transverse line 
with posterior edge of condyle (1). (Geisler and Sanders, (2003) #197; Geisler et 
al., (2011) #197, (2012) #197; Murakami et al. (2012a, 2012b) #160; Tanaka and 





(165) Fossa for posterior sinus in exoccipital: absent or slightly concave (0); 
moderately concave (1); forming deep sack-like structure (2). (Murakami et al. 
(2012a, 2012b) #161; modified from Muizon, (1991); Lambert, (2005) #38; 
Tanaka and Fordyce, (2014, 2015) #161). 
(166) Occipital condyles; on pedicle (0); lacking pedicle, unified with occipital (1). 
(Tanaka and Fordyce, (2014, 2015) #284) 
Malleus 
(167) Tuberculum of malleus: unreduced (0); highly reduced, almost 
indistinguishable from articular head (1). (Muizon, (1985); Messenger and 
McGuire, (1998) #1499; Geisler and Sanders, (2003) #198; Geisler et al., (2011) 
#198, (2012) #198; Murakami et al. (2012a, 2012b) #162; modified from Lambert, 
(2005) #69. derived from Doran, (1878) ; Tanaka and Fordyce, (2014, 2015) 
#162).  
(168) Processus muscularis of malleus: shorter than manubrium of malleus (0); 
sub-equal or longer than manubrium (1). (Murakami et al. (2012a, 2012b) #163; 
modified from Muizon, (1985; 1988); Messenger and McGuire, (1998) #1550; 
Geisler and Sanders, (2003) #199; Lambert, (2005) #70; Geisler et al., (2011) 
#199, (2012) #199; Tanaka and Fordyce, (2014, 2015) #163). 
Periotic 
(169) Length of anterior process of periotic as percent length of pars cochlearis: 
short, <59% (0); long, >60% (1). (Murakami et al. (2012a, 2012b) #164; modified 
from Muizon, (1988); Heyning, (1989) #5; Messenger and McGuire, (1998) 
#1489; Geisler and Luo, (1996) #1; Luo and Marsh, (1996) #24; Geisler and 
Sanders, (2003) #203; Lambert, (2005) #39; Geisler et al., (2011) #203, (2012) 
#203; derived from Kellogg, (1936); Yamada, (1953); Kasuya, (1973) ; Tanaka and 
Fordyce, (2014, 2015) #164). 
(170) Apex of anterior process of periotic in dorsal view: pointed (0); dorsal edge 





with or without pointed apex (1); thickened by prominent dorsal tubercle giving 
apex rectangular section in plane of body of periotic (2). (Murakami et al. 
(2012a, 2012b) #165; modified from Fordyce, (1994) #53; Lambert, (2005) #40; 
Tanaka and Fordyce, (2014, 2015) #165). 
(171) Lateral groove or depression affecting profile of periotic as viewed dorsally: 
no obvious vertical groove dorsal to hiatus epitympanicus (0); groove present 
with overall profile of periotic becoming slightly to markedly sigmoidal in dorsal 
view (1). (Fordyce, (1994) #35; Murakami et al. (2012a, 2012b) #166; Tanaka and 
Fordyce, (2014, 2015) #166). 
(172) Profile of anterior process of periotic ventrally deflected in lateral view: no, 
has crudely rectangular profile (0); smoothly deflected (1); abruptly deflected 
(2). (Fordyce (1994) #25; (Tanaka and Fordyce, (2014, 2015) #288) 
(173) Anteroposterior ridge on dorsal side: undeveloped (0); developed on anterior 
process and body of periotic, associated with development of depression 
adjacent to groove for tensor tympani (1). (Fordyce, (1994) #55; Murakami et al. 
(2012a, 2012b) #167; Tanaka and Fordyce, (2014, 2015) #167). 
(174) Articulation of anterior process of periotic to outer lip of tympanic bulla: 
contact of ventral surface of anterior process of periotic with outer lip of 
tympanic bulla (0); contact with thickened rim of outer lip of tympanic bulla 
and additionally with accessory ossicle (1); contact only with accessory ossicle 
(2). (Luo and Marsh, (1996) #7; Lambert, (2005) #46; Murakami et al. (2012a, 
2012b) #168; Tanaka and Fordyce, (2014, 2015) #168). 
(175) Parabullary sulcus: absent (0); strongly curved, C-shape (1); weakly curved 
(2); strongly curved, V-shape (3). (modified from Fordyce, (1994) #56 
Anteroexternal sulcus; Tanaka and Fordyce, (2014, 2015) #169). 
(176) Parabullary ridge of periotic: absent (0); present (1); present with a fossa 





et al. (2012a, 2012b) #171; Bianucci, (2005) #15; Tanaka and Fordyce, (2014, 
2015) #170). 
(177) Articulation of anterior process with squamosal: extensive, most of lateral 
side contacting squamosal (0); large centrally-oriented ovoid region contacting 
squamosal, free around edges (1); small area of contact with squamosal (2); 
contact absent, articulation via ligaments (3). (Geisler and Sanders, (2003) 
#207; Geisler et al., (2011) #207, (2012) #207; Murakami et al. (2012a, 2012b) 
#172; modified from Heyning, (1997) #32; Messenger and McGuire, (1998) 
#1490; derived from Heyning, (1989) ; Tanaka and Fordyce, (2014, 2015) #171).  
(178) Anterior bullar facet: present (0); absent (1). (Muizon, (1984, 1988, 1991); 
Messenger and McGuire, (1998) #1496; Lambert, (2005) #42; Murakami et al. 
(2012a, 2012b) #173; modified from Fordyce, (1994) #4; derived from Kellogg, 
(1936) ; Tanaka and Fordyce, (2014, 2015) #172). 
(179) Anterior incisure: deep, pocket-like fossa with anterior groove (0); anterior 
groove only (1). (Geisler and Luo, (1996) #7; Luo and Marsh, (1996) #15; Geisler 
and Sanders, (2003) #217; Geisler et al., (2011) #217, (2012) #217; Murakami et 
al. (2012a, 2012b) #174; Tanaka and Fordyce, (2014, 2015) #173). 
(180) Fenestra rotunda: oval to subrounded (0); shaped like teardrop with fissure 
directed toward aperture for cochlear aqueduct (1). (Fordyce, (1994) #22; Geisler 
and Sanders, (2003) #222; Lambert, (2005) #49; Geisler et al., (2011) #222, 
(2012) #222; Murakami et al. (2012a, 2012b) #175; Tanaka and Fordyce, (2014, 
2015) #174). 
(181) Dorsal surface of periotic in lateral view: convex dorsally (0); pyramidal 
process convex dorsally (1); nearly flat (2). (Murakami et al. (2012a, 2012b) #176; 
modified from Luo and Marsh, (1996) #18; Tanaka and Fordyce, (2014, 2015) 
#175). 
(182) Relative position of dorsal depth of stapedial muscle fossa and fenestra 





dorsal to fenestra rotunda (1). (Geisler and Sanders, (2003) #223; Geisler et al., 
(2011) #223, (2012) #223; Murakami et al. (2012a, 2012b) #177; Tanaka and 
Fordyce, (2014, 2015) #176). 
(183) Posterodorsal edge of stapedial muscle fossa: absent, rounded lip (0); present 
(1). (Geisler and Luo, (1996) #14; Geisler and Sanders, (2003) #217; Geisler et al., 
(2011) #217, (2012) #217; Murakami et al. (2012a, 2012b) #178; Tanaka and 
Fordyce, (2014, 2015) #177). 
(184) Caudal tympanic process of periotic: low, its ventral and posterior edges 
drawing smooth curve (0); Elevated, its ventral and posterior edges forming a 
right angle in medial view (1). (Geisler and Sanders, (2003) #225; Geisler et al., 
(2011) #225, (2012) #225; Murakami et al. (2012a, 2012b) #179; Tanaka and 
Fordyce, (2014, 2015) #178). 
(185) Position of aperture for cochlear aqueduct: dorsomedial (0); medial (1). 
(Lambert, (2005) #51; Murakami et al. (2012a, 2012b) #180; Tanaka and 
Fordyce, (2014, 2015) #179). 
(186) Aperture for cochlear aqueduct: smaller than aperture for vestibular 
aqueduct (0); approximately same size as aperture for vestibular aqueduct (1); 
much larger than aperture for vestibular aqueduct, with narrow posterior edge 
(2). (Geisler and Sanders, (2003) #227; Geisler et al., (2011) #227, (2012) #227; 
Murakami et al. (2012a, 2012b) #181; modified from Muizon, (1987); Fordyce, 
(1994); Lambert, (2005) #52; Tanaka and Fordyce, (2014, 2015) #180). 
(187) Excavation of tegmen tympani at base of anterior process: absent (0); present, 
with fossa on dorsolateral side of tegmen tympani (1). (Geisler and Sanders, 
(2003) #231; Geisler et al., (2011) #231, (2012) #231; Murakami et al. (2012a, 
2012b) #182; Tanaka and Fordyce, (2014, 2015) #181). 
(188) Fundus of internal acoustic meatus: funnel-like, smaller at blind end and 





(2003) #234; Geisler et al., (2011) #234, (2012) #234; Murakami et al. (2012a, 
2012b) #183; Tanaka and Fordyce, (2014, 2015) #182). 
(189) Internal acoustic meatus: pyriform (0); circular (1). (Muizon, (1984); 
Messenger and McGuire, (1998) #1498; Bianucci, (2005) #21; Murakami et al. 
(2012a, 2012b) #184; Tanaka and Fordyce, (2014, 2015) #183). 
(190) Lateral wall of internal acoustic meatus: high, with wedge-shaped area of 
elevated bone occurring between dorsal edge of tegmen tympani and internal 
acoustic meatus, the latter extending ventrally and increasing its depth (0); low, 
not protruding noticeably from fossa and surrounding bone (1). (Murakami et 
al. (2012a, 2012b) #185; modified from Geisler and Sanders, (2003) #235; Geisler 
et al., (2011) #235, (2012) #235; Tanaka and Fordyce, (2014, 2015) #184). 
(191) Cochlear aqueduct on periotic with a thin edge: no (0); yes (1). (Fordyce (1994) 
#28; Tanaka and Fordyce, (2014, 2015) #289) 
(192) Thickness dorsoventral of pars cochlearis on periotic; thick (0) thin (1) 
(Gutstein et al (2014); Tanaka and Fordyce, (2014, 2015) #290) 
(193) Profile of cochlear on periotic in dorsoventral; rounded (0), sub-rectangular 
(1), squared (2). (modified from Fordyce (1994) #61 and Bianucci et al (2013) #2; 
Tanaka and Fordyce, (2014, 2015) #291) 
(194) Aperture for vestibular aqueduct, in dorsal view: at transverse level of spiral 
cribriform tract (0); more lateral than spiral cribriform tract (1) (Lambert, 
(2005) #53; Murakami et al. (2012a, 2012b) #186; Tanaka and Fordyce, (2014, 
2015) #185). 
(195) Articular rim: absent (0); present but small, forming ridge anterolateral to 
articulation surface of posterior process of periotic and separated from it by 
sulcus (1); present, sigmoidal and laterally elongated with hook-like process (2). 
(Geisler and Sanders, (2003) #239; Geisler et al. (2012; 2011) #239; modified 





Messenger (1994); Messenger and McGuire (1998) #1494; Fordyce, (1994) #33; 
Lambert, (2005) #55; Tanaka and Fordyce, (2014, 2015) #186). 
(196) Bony connection between posterior process of periotic and 
squamosal/occipital bones: present (0); absent (ligamentous). (1). (Muizon, 
(1984); Arnold and Heinsohn,(1996) #34; Messenger and McGuire, (1998) #1491; 
Murakami et al. (2012a, 2012b) #188; derived from Fraser and Purves, (1960); 
Kasuya, (1973); Heyning, (1989) ; Tanaka and Fordyce, (2014, 2015) #187). 
(197) Posterior process of periotic in lateral view: ventrally bent (0); in same plane 
as body of periotic (1). (Bianucci, (2005) #19; Murakami et al. (2012a, 2012b) 
#189; modified from Arnold and Heinsohn,(1996) #28; Lambert, (2005) #54; 
Tanaka and Fordyce, (2014, 2015) #188). 
(198) Angle between posterior process of periotic and long axis of pars cochlearis 
from dorsal or ventral views: >135° (0); ≤135° (1). (Murakami et al. (2012a, 2012b) 
#190; modified from Geisler and Sanders, (2003) #246; Lambert, (2005) #54; 
Geisler et al., (2011) #246, (2012) #246; derived from Kasuya, (1973); Barnes, 
(1990); Luo and Marsh, (1996) ; Tanaka and Fordyce, (2014, 2015) #189). 
(199) Facet for bulla on posterior process of periotic, parallel-sided; no (0); yes (1). 
(modified from Fordyce, (1994) #63; Tanaka and Fordyce, (2014, 2015) #190). 
(200) Ventral surface of posterior process of periotic, along a straight path 
perpendicular to its long axis: flat (0); concave (1); convex (2). (Murakami et al. 
(2012a, 2012b) #191; modified from Geisler and Sanders, (2003) #242; Geisler et 
al., (2011) #242, (2012) #242; Tanaka and Fordyce, (2014, 2015) #191). 
(201) Posterior bullar facet of periotic: with many long deep grooves and low ridges 
(0); with some shallow grooves and/or low ridges (1); without grooves or ridges 
(2). (Bianucci, (2005) #20; Murakami et al. (2012a, 2012b) #192; Tanaka and 
Fordyce, (2014, 2015) #192). 
(202) Length of posterior process of periotic as percent length of pars cochlearis: 





from Barnes, (1990); Luo and Marsh, (1996) #24; Geisler and Sanders, (2003) 
#245; Geisler et al., (2011) #245, (2012) #245; Tanaka and Fordyce, (2014, 2015) 
#193). 
(203) Mastoid exposure of posterior process of periotic on outside of skull: exposed 
externally (0); not exposed, enclosed by exoccipital and squamosal (1). (Geisler 
and Luo, (1996) #28; Luo and Marsh, (1996) #28; Geisler and Sanders, (2003) 
#249; Geisler et al., (2011) #249, (2012) #249; Murakami et al. (2012a, 2012b) 
#194; Tanaka and Fordyce, (2014, 2015) #194). 
Tympanic Bulla  
(204) Anterior spine of tympanic bulla: absent (0); present but short (1); present 
and long (2). (Muizon, (1987); Fordyce, (1994) #45; Geisler and Sanders, (2003) 
#250; Lambert, (2005) #62; Geisler et al., (2011) #250, (2012) #250;Murakami 
et al. (2012a, 2012b) #195; modified from Messenger and McGuire, (1998) #1484; 
derived from Kasuya, (1973) ; Tanaka and Fordyce, (2014, 2015) #195). 
(205) Anterolateral convexity of tympanic bulla with anterolateral notch: absent 
(0); present (1). (Muizon, (1987); Fordyce, (1994) #46; Lambert, (2005) #63; 
Murakami et al. (2012a, 2012b)#196; Tanaka and Fordyce, (2014, 2015) #196). 
(206) Articulation of posterior process of tympanic bulla with squamosal: process 
contacting post-tympanic process of squamosal and posterior process of periotic 
(0); process contacting periotic only (1). (Muizon, (1984); Fordyce, (1994) #29; 
Arnold and Heinsohn,(1996) #34; Messenger and McGuire, (1998) #1481; 
Lambert, (2005) #56; Murakami et al. (2012a, 2012b) #197; derived Kasuya, 
(1973) ; Tanaka and Fordyce, (2014, 2015) #197). 
(207) Width of tympanic bulla as percentage of its length along its long axis: wide, 
≥65% (0); narrow and long, ≤64% (1). (Geisler and Sanders, (2003) #251; 
Bianucci, (2005) #23; Geisler et al., (2011) #251, (2012) #251; Murakami et al. 
(2012a, 2012b) #198; derived from Kasuya, (1973) ; Tanaka and Fordyce, (2014, 





(208) Accessory ossicle or homologous region on lip of bulla: not fused to anterior 
process of periotic (0); fused to anterior process of periotic (1). (Barnes, (1990); 
Fordyce, (1994); Luo and Marsh, (1996); Geisler and Sanders, (2003) #255; 
Geisler et al., (2011) #255, (2012) #255; Murakami et al. (2012a, 2012b) #199; 
Tanaka and Fordyce, (2014, 2015) #199). 
(209) Lateral furrow of tympanic bulla: shallow groove (0); absent (1); deep, well-
defined groove (2). (Murakami et al. (2012a, 2012b) #200; modified from 
Muizon, (1984, 1988); Arnold and Heinsohn,(1996) #31; Messenger and 
McGuire, (1998) #1485; Fajardo-Mellor et al., (2006) #17; Lambert, (2008) #17; 
derived from Kasuya, (1973) ; Tanaka and Fordyce, (2014, 2015) #200). 
 (210) Sigmoid process: directed laterally to posterolaterally (0); directed anteriorly 
to anterolaterally (1). (Murakami et al. (2012a, 2012b) #201; modified from 
Messenger and McGuire, (1998) #1486; Lambert, (2005) #67, Kasuya, (1973); 
Tanaka and Fordyce, (2014, 2015) #201). 
(211) Dorsomedial edge of sigmoid process: expanded anteriorly to appose lateral 
tuberosity of periotic (0); not articulating with squamosal or periotic (1) 
(Murakami et al. (2012a, 2012b) #202; modified from Geisler and Sanders, 
(2003) #260; Geisler et al., (2011) #260, (2012) #260; modified from Luo and 
Marsh, (1996) #10; Tanaka and Fordyce, (2014, 2015) #202). 
(212) Ventral margin of tympanic bulla in lateral view: convex (0); concave (1). 
(Lambert, (2005) #66; Murakami et al. (2012a, 2012b) #203; Tanaka and 
Fordyce, (2014, 2015) #203). 
(213) Elliptical foramen of tympanic bulla: present (0); absent or close (1). (Geisler 
and Sanders, (2003) #261; Geisler et al., (2011) #261, (2012) #261; Murakami et 
al. (2012a, 2012b) #204; derived from Kasuya, (1973) ; Tanaka and Fordyce, 
(2014, 2015) #204). 
(214) Size of posterior process of tympanic bulla: equal to or greater than total 





(1). (Muizon, (1984, 1991); Heyning, (1989) #23, 29, (1997) #55, 61; Messenger 
and McGuire, (1998) #1482; Murakami et al. (2012a, 2012b) #205; modified from 
Lambert, (2005) #57; derived from Yamada, (1953); Kasuya, (1973) ; Tanaka and 
Fordyce, (2014, 2015) #205). 
(215) Surface of posterior process of tympanic bulla: spiny or irregular edges (0); 
cauliflower-like bony growth (1); rounded and pachyostotic (2). (Muizon, (1991); 
Messenger and McGuire, (1998) #1483; Murakami et al. (2012a, 2012b) #206; 
derived from Kasuya, (1973) ; Tanaka and Fordyce, (2014, 2015) #206). 
(216) Median furrow: short extension on ventral face anterior to interprominental 
notch (0); anterolateral curvature of median groove to connect to long lateral 
furrow on outer lip (1); median groove reaching an anterior level beyond lateral 
furrow, and often slightly curved laterally (2); long and deep rectilinear median 
groove reaching at least to base of anterior tip of tympanic bulla (3). (Lambert, 
(2005) #64; Murakami et al. (2012a, 2012b) #207; Tanaka and Fordyce, (2014, 
2015) #207). 
(217) Median furrow on posterior side of bulla: divided by a transverse ridge 
originating from involucrum (0); transverse ridge absent (1). (Geisler and 
Sanders, (2003) #267; Geisler et al., (2011) #267, (2012) #267; Murakami et al. 
(2012a, 2012b) #208; Tanaka and Fordyce, (2014, 2015) #208). 
(218) Posterior edge of medial prominence of involucrum: approximately in line 
with posterior edge of lateral prominence (0); distinctly anterior to posterior 
edge of lateral prominence (1). (Muizon, (1987); Geisler and Sanders, (2003) 
#269; Geisler et al., (2011) #269, (2012) #269; Murakami et al. (2012a, 2012b) 
#209; derived from Kasuya, (1973) ; Tanaka and Fordyce, (2014, 2015) #209). 
(219) Dorsal margin of involucrum of tympanic bulla: not excavated (0); excavated 
just anterior to posterior process (1); excavated at mid-part of involucrum (2). 
(Muizon, (1988); Messenger and McGuire, (1998) #1487; Murakami et al. (2012a, 





(2003) #271; Geisler et al., (2011) #271, (2012) #271; Tanaka and Fordyce, (2014, 
2015) #210). 
(220) Ridge on inside of bulla: present, as transverse ridge extending laterally from 
involucrum and partially dividing cavum tympani into anterior and posterior 
portions (0); absent (1). (Geisler and Sanders, (2003) #272; Geisler et al., (2011) 
#272, (2012) #272; Murakami et al. (2012a, 2012b) #212; Tanaka and Fordyce, 
(2014, 2015) #211). 
(221) Ventromedial keel of tympanic bulla: present along entire length (0); 
terminating approximately at level of lateral furrow or mid-point of the 
tympanic bulla (1); poorly defined along entire length (2). (Geisler and Sanders, 
(2003) #273; Geisler et al., (2011) #273, (2012) #273; Murakami et al. (2012a, 
2012b) #213; derived from Kasuya, (1973) ; Tanaka and Fordyce, (2014, 2015) 
#212). 
(222) Posterior end of ventromedial keel: not protruding and directed medially (0); 
protruding and directed medially (1). (Geisler and Sanders, (2003) #275; Geisler 
et al., (2011) #275, (2012) #275; Murakami et al. (2012a, 2012b) #214; Tanaka and 
Fordyce, (2014, 2015) #213). 
Hyals  
(223) Basihyal and thyrohyal connection: unfused (0); fused (1). (Murakami et al. 
(2012a, 2012b) #215; modified from Bianucci, (2005) #25; Tanaka and Fordyce, 
(2014, 2015) #214). 
(224) Basihyal and thyrohyal shape: arched (0); angled (1). (Murakami et al. (2012a, 
2012b) #216; modified from Bianucci, (2005) #25; Tanaka and Fordyce, (2014, 
2015) #215). 
Vertebrae 
(225) Dorsal transverse process of atlas: developed dorsolaterally (0); fused with 





or rudimentary obtuse angle (2). (Murakami et al. (2012a, 2012b) #217; modified 
from Muizon, (1988); Barnes, (1990) ; Tanaka and Fordyce, (2014, 2015) #216). 
(226) Roof of neural canal of atlas: arched (0); convex (1); straight (2). (Murakami 
et al. (2012a, 2012b) #218; Tanaka and Fordyce, (2014, 2015) #217). 
(227) Postzygapophysis of axis in anterior view: appearing as crest, elongated 
dorsolaterally (0); appearing as rudimentary crest (1); not appearing (2). 
(Murakami et al. (2012a, 2012b) #219; Tanaka and Fordyce, (2014, 2015) #218). 
(228) Cervical vertebrae: unfused (0); atlas and axis fused (1); C1–C3 or C1–C4 fused 
(2); C1–C6 or C1–C7 fused (3); C2–C7 fused (4). (Murakami et al. (2012a, 2012b) 
#220; modified from Arnold and Heinsohn,(1996) #9; Messenger and McGuire, 
(1998) #1501; Geisler and Sanders, (2003) #278, 279; Fajardo-Mellor et al., 
(2006) #18; Lambert, (2008) #18; Geisler et al., (2011) #278, 279, (2012) #278, 
279; derived from Allen, (1923); Miller, (1923); Fraser and Noble, (1971); De Smet, 
(1977); Rommel, (1990) ; Tanaka and Fordyce, (2014, 2015) #219). 
(229) Length of cervicals (C1–C7) as percent of height of vertebral body plus neural 
canal of atlas: long, >150% (0); short, <150% (1). (Murakami et al. (2012a, 2012b) 
#221; Tanaka and Fordyce, (2014, 2015) #220). 
 (230) Capitular articulation facets of posterior vertebrae: facets gradually shift 
downward on sequential vertebrae to fuse with tubercular facets (0); facets 
abruptly shift from a position on neural arch to a pedestal, originating from 
centrum on subsequent vertebra (1). (Geisler and Sanders, (2003) #282; Geisler 
et al., (2011) #282, (2012) #282; Murakami et al. (2012a, 2012b) #223; derived 
from Flower, (1868); Miller, (1923) ; Tanaka and Fordyce, (2014, 2015) #222). 
(231) Transverse processes of lumbar vertebrae: extend parallel to anterior and 
posterior borders (0); triangular (1). (Muizon, (1984; 1985; 1988); Messenger and 
McGuire, (1998) #1502; Geisler and Sanders, (2003) #285; Geisler et al., (2011) 
#285, (2012) #285; Murakami et al. (2012a, 2012b) #224; Tanaka and Fordyce, 





(232) Transverse processes of lumbar vertebrae: oriented ventrolaterally (0); 
oriented laterally and horizontally (1). (Geisler and Sanders, (2003) #284; 
Geisler et al., (2011) #284, (2012) #284; Murakami et al. (2012a, 2012b) #225; 
derived from Sanders and Barnes, (2002) ; Tanaka and Fordyce, (2014, 2015) 
#224). 
(233) Ratio of greatest breadth of transverse process to width of centrum at 
anterior face in lumbar vertebrae: some or all lumbar vertebrae >2.5 (0); no 
lumbar vertebrae >2.5 (1). (Murakami et al. (2012a, 2012b) #226; Tanaka and 
Fordyce, (2014, 2015) #225). 
Sternum and Sternal Ribs 
(234) Sternum: consists of four or five parts (0); consists of two or three parts (1); 
consists of single bone (2). (Murakami et al. (2012a, 2012b) #229; modified from 
Geisler and Sanders, (2003) #290; Geisler et al., (2011) #290; derived from 
Yablokov, (1964); Van Valen, (1968) ; Tanaka and Fordyce, (2014, 2015) #228). 
(235) Ventrolateral processes on manubrium of sternum: absent (0); present but 
small, occur ventral to articulation surface of first costal cartilage or rib (1). 
(Muizon, (1988); Messenger and McGuire, (1998) #1503; Geisler and Sanders, 
(2003) #289; Geisler et al., (2011) #289, (2012) #289; Murakami et al. (2012a, 
2012b) #230; derived from Klima et al., (1980) ; Tanaka and Fordyce, (2014, 
2015) #229). 
(236) Sternal ribs: unossified or ossification of fewer than five pairs (0); ossification 
of five pairs or more (1). (Murakami et al. (2012a, 2012b) #231; derived from 
Flower, (1867) ; Tanaka and Fordyce, (2014, 2015) #230).  
Scapula  
(237) Anterodorsal part of scapula: rounded (0); rounded and anterior edge 
pointed (1); almost rectilinear (2). (Murakami et al. (2012a, 2012b) #232; Tanaka 





(238) Ventral projection on anterior border of scapula: absent (0); present (1). 
(Fajardo-Mellor et al., (2006) #26; Murakami et al. (2012a, 2012b) #233; derived 
from Noble and Fraser, (1971) ; Tanaka and Fordyce, (2014, 2015) #233). 
(239) Anterior slope on scapula between anterior angle and midpoint of glenoid 
fossa with anterior and posterior margin of glenoid fossa on a plane: shallow, 
<35° (0); steeper, >35° (1). (modified from Murakami et al. (2012a, 2012b) #234; 
modified from Bianucci, (2005) #31; Tanaka and Fordyce, (2014, 2015) #234). 
(240) Posterior slope on scapula, between scapula and midpoint of glenoid fossa 
with anterior and posterior margin of glenoid fossa on a plane: shallow, <25° 
(0); steeper, >25° (1). (modified from Murakami et al. (2012a, 2012b) #235; 
modified from Bianucci, (2005) #32; Tanaka and Fordyce, (2014, 2015) #235). 
(241) Crest between infraspinous fossa and teres fossa: weakly developed (0); 
strongly developed (1). (Murakami et al. (2012a, 2012b) #236; Tanaka and 
Fordyce, (2014, 2015) #236). 
(242) Coracoid process of scapula: not expanded distally (0); expanded distally (1); 
notably reduced or absent (2). (Murakami et al. (2012a, 2012b) #237; modified 
from Muizon, (1987, 1994); Messenger and McGuire, (1998) #1504; Geisler and 
Sanders, (2003) #292; Lambert, (2005) #73; Bianucci, (2005) #33; Geisler et al., 
(2011) #292; derived from True, (1904) ; Tanaka and Fordyce, (2014, 2015) #237). 
(243) Coracoid process of scapula, with glenoid fossa: directed horizontally (0); 
directed nearly anterodorsally (1); directed anteroventrally (2). (modified from 
Murakami et al. (2012a, 2012b) #238; modified Barnes, (1990) ; Tanaka and 
Fordyce, (2014, 2015) #238). 
(244) Acromion of scapula: narrow and not expanded distally (0); expanded 
distally (1). (Murakami et al. (2012a, 2012b) #239; modified from Bianucci, 
(2005) #34; Tanaka and Fordyce, (2014, 2015) #239). 
(245) Acromion of scapula, when glenoid fossa direct ventrally: directed 





(Murakami et al. (2012a, 2012b) #240; modified from Barnes, (1990) ; Tanaka 
and Fordyce, (2014, 2015) #240). 
(246) Supraspinous fossa of scapula: present (0); absent or nearly absent (1). 
(Muizon, (1987, 1994); Geisler and Sanders, (2003) #293; Lambert, (2005) #72; 
Geisler et al., (2012; 2011) #293; Murakami et al. (2012a, 2012b) #241; Tanaka 
and Fordyce, (2014, 2015) #241). 
(247) Acromion process of scapula lies on anterior edge, with loss of supraspinous 
fossa: no (0); yes (1). (Muizon (1987); Fordyce (1994) #48; Tanaka and Fordyce, 
(2014, 2015) #292) 
(248) Coracoid process of scapula: present (0); absent (1). (Muizon 1987; Fordyce 
1994 #49; Tanaka and Fordyce, (2014, 2015) #293) 
Forelimb (except scapula) 
(249) Ratio of length of humerus to length of radius: long, >1.1 (0); short, <0.8 (1). 
(Murakami et al. (2012a, 2012b) #242; modified from Sanders and Barnes, 
(2002); Geisler and Sanders, (2003) #297; Geisler et al., (2012; 2011) #297; 
Tanaka and Fordyce, (2014, 2015) #242). 
(250) Location of apex of deltopectoral tuberosity of humerus: within proximal 
65% of humerus (0); within distal 35% of humerus (1). (Murakami et al. (2012a, 
2012b) #243; modified from Muizon, (1988); Messenger and McGuire, (1998) 
#1506; Geisler and Sanders, (2003) #295; Bianucci, (2005) #35; Geisler et al., 
(2011) #295, (2012) #295; Tanaka and Fordyce, (2014, 2015) #243). 
(251) Prominent deltoid crest on anterior edge of humerus: present, forms greatest 
anteroposterior diameter along shaft (0); forming a knob-like tuberosity (1); 
tuberosity or crest absent (2). (Geisler and Sanders, (2003) #294; Geisler et al., 
(2011) #294, (2012) #294; Murakami et al. (2012a, 2012b) #244; derived from 





(252) Radial and ulnar facets of humerus in lateral view: facets forming a 
semicircular articulation surface (0); facets forming an obtuse angle (1). (Barnes, 
Barnes (1990); Geisler and Sanders, (2003) #296; Geisler et al., (2011) #296, 
(2012) #296; Murakami et al. (2012a, 2012b) #245; Tanaka and Fordyce, (2014, 
2015) #245). 
(253) Olecranon process: present as a distinct process (0); present as a slightly 
raised proximal posterior edge (1); absent (2). (Messenger and McGuire, (1998) 
#1507; Geisler and Sanders, (2003) #296; Geisler et al., (2011) #284, (2012) #284; 
Murakami et al. (2012a, 2012b) #246; modified from Muizon, (1984); Barnes, 
(1990); Arnold and Heinsohn,(1996) #10; Fajardo-Mellor et al., (2006) #28; 
derived from Howell, (1927); Bianucci (2005) #37; Tanaka and Fordyce, (2014, 
2015) #246). 
Soft Tissues 
(254) Spermaceti organ: absent (0); present (1). (Fordyce, (1994) #17; Messenger 
and McGuire, (1998) #1511; Geisler and Sanders, (2003) #97; Geisler et al., (2011) 
#97, (2012) #97; Murakami et al. (2012a, 2012b) #247; derived from Norris and 
Harvey, (1972); Cranford et al., (1996) ; Tanaka and Fordyce, (2014, 2015) #247). 
(255) Museau de singe: absent (0); present (1). (Messenger and McGuire, (1998) 
#1512; Murakami et al. (2012a, 2012b) #248; derived from Norris, (1964); 
Cranford et al., (1996) ; Tanaka and Fordyce, (2014, 2015) #248). 
(256) Lateral lips of nasal plug: present (0); absent (1). (Messenger and McGuire, 
(1998) #1523; Murakami et al. (2012a, 2012b) #249; Tanaka and Fordyce, (2014, 
2015) #249). 
(257) Proximal sac: single frontal sac (0); sac complex, with nasofrontal sacs and 
vestibule (1). (Heyning, (1989) #6, 11, 17, (1997) #33, 43, 49; Fordyce, (1994) #16; 
Messenger and McGuire, (1998) #1531, 1532; Lambert, (2005) #18; Murakami et 






(258) Posterior nasal sacs: absent (0); present (1). (Heyning, (1989) #41, (1997) #73; 
Arnold and Heinsohn,(1996) #6; Messenger and McGuire, (1998) #1534; 
Murakami et al. (2012a, 2012b) #251; Tanaka and Fordyce, (2014, 2015) #251). 
(259) Posterior nasal sacs: single (0); divided (1). (Messenger and McGuire, (1998) 
#1535; Murakami et al. (2012a) #252; Tanaka and Fordyce, (2014, 2015) #252). 
(260) Anterior section of nasofrontal sac: absent (0); present (1). (Messenger and 
McGuire, (1998) #1536; Murakami et al. (2012a, 2012b) #253; Tanaka and 
Fordyce, (2014, 2015) #253). 
(261) Anterior part of nasofrontal sac: smooth (0); trabeculate (1). (Messenger and 
McGuire, (1998) #1537; Fajardo-Mellor et al., (2006) #35; Murakami et al. 
(2012a, 2012b) #254; derived from Heyning, (1989) ; Tanaka and Fordyce, (2014, 
2015) #254). 
(262) Vestibular sac: absent (0); present (1); hypertrophied (2). (Heyning, (1989) 
#28, (1997) #60; Fordyce, (1994) #31; Arnold and Heinsohn,(1996) #1, 3; 
Messenger and McGuire, (1998) #1541; Lambert, (2005) #17; Fajardo-Mellor et 
al., (2006) #39; Murakami et al. (2012a, 2012b) #255; Tanaka and Fordyce, 
(2014, 2015) #255). 
(263) Floor of vestibular sac (nasal sac): not rigid (0); rigid (1). (Heyning, (1989) 
#38, (1997) #70; Arnold and Heinsohn,(1996) #2; Messenger and McGuire, 
(1998) #1543; Fajardo-Mellor et al., (2006) #38; Murakami et al. (2012a, 2012b) 
#256; Tanaka and Fordyce, (2014, 2015) #256). 
(264) Vestibular sac (nasal sac): undivided (0); bilaterally divided (1). (Messenger 
and McGuire, (1998) #1544; Fajardo-Mellor et al., (2006) #36; Murakami et al. 
(2012a, 2012b) #257; derived from Heyning, (1989) ; Tanaka and Fordyce, (2014, 
2015) #257).  
(265) Right and left sides of vestibular sac (nasal sac): same size (0); right side 





(1998) #1545; Murakami et al. (2012a, 2012b) #258; Tanaka and Fordyce, (2014, 
2015) #258). 
(266) Intrinsic muscle in vestibular sac (nasal sac): absent (0); present (1). 
(Messenger and McGuire, (1998) #1546; Fajardo-Mellor et al., (2006) #37; 
Murakami et al. (2012a, 2012b) #259; derived from Mead, (1975) ; Tanaka and 
Fordyce, (2014, 2015) #259). 
(267) Floor of vestibular sac (nasal sac): smooth (0); wrinkled (1). (Heyning, (1997) 
#70; Arnold and Heinsohn,(1996) #2; Messenger and McGuire, (1998) #1543; 
Murakami et al. (2012a, 2012b) #260; Tanaka and Fordyce, (2014, 2015) #260). 
(268) Diagonal membrane: absent (0); present (1). (Messenger and McGuire, 
(1998) #1550; Murakami et al. (2012a, 2012b) #261; Heyning, (1989) ; Tanaka 
and Fordyce, (2014, 2015) #261). 
(269) Spiracular cavity: slit-like (0); rounded (1). (Messenger and McGuire, (1998) 
#1552; Murakami et al. (2012a, 2012b) #262; Tanaka and Fordyce, (2014, 2015) 
#262). 
(270) Pars posteroexternus muscle: absent (0); present (1). (Messenger and 
McGuire, (1998) #1553; Murakami et al. (2012a, 2012b) #263; Tanaka and 
Fordyce, (2014, 2015) #263). 
(271) Pars intermedius muscle: absent (0); present (1). (Messenger and McGuire, 
(1998) #1554; Murakami et al. (2012a, 2012b) #264; Tanaka and Fordyce, (2014, 
2015) #264). 
(272) Pars posterointerus muscle: absent (0); present (1). (Messenger and McGuire, 
(1998) #1556; Murakami et al. (2012a, 2012b) #265; Tanaka and Fordyce, (2014, 
2015) #265). 
(273) Pars anterointerus muscle: one insertion (0); two insertions (1). (Messenger 
and McGuire, (1998) #1557; Murakami et al. (2012a, 2012b) #266; Tanaka and 





(274) Blowhole shape: longitudinal slit, may be slightly sigmoidal or angled (0); 
crescent, with apices pointed anteriorly (1); crescent, with apices pointed 
posteriorly, may be skewed (2); rectangular (3). (Murakami et al. (2012a, 2012b) 
#267; modified from Messenger and McGuire, (1998) #1525; Tanaka and 
Fordyce, (2014, 2015) #267). 
(275) Soft tissues of nasal passages distal to bony external nares: separated for most 
of their length but confluent just proximal to blowhole (0); confluent (1). 
(Heyning, (1989); Fordyce, (1994) #20; Messenger and McGuire, (1998) #1529; 
Geisler and Sanders, (2003) #95; Lambert, (2005) #16; Geisler et al., (2011) #95, 
(2012) #95; Murakami et al. (2012a, 2012b) #268; Tanaka and Fordyce, (2014, 
2015) #268). 
(276) Distal sac: absent (0); present, situated immediately distal to museau de 
singe (1). (Murakami et al. (2012a, 2012b) #269; modified from Heyning, (1989) 
#12, (1997)#44; Fordyce, (1994) #14; Messenger and McGuire, (1998) #1533; 
Geisler and Sanders, (2003) #99, (2012) #99; Lambert, (2005) #19; Geisler et al., 
(2011) #99; Tanaka and Fordyce, (2014, 2015) #269). 
(277) Blowhole ligament: absent (0); present (1). (Heyning, (1989) #15, (1997) #44; 
Fordyce, (1994) #13; Messenger and McGuire, (1998) #1527; Geisler and Sanders, 
(2003) #101; Lambert, (2005) #20; Geisler et al., (2011) #101, (2012) #101; 
Murakami et al. (2012a, 2012b) #270; Tanaka and Fordyce, (2014, 2015) #270). 
(278) Blowhole ligament: not appressed against skull (0); appressed against skull 
(1). (Messenger and McGuire, (1998) #1528; Murakami et al. (2012a, 2012b) #271; 
Tanaka and Fordyce, (2014, 2015) #271). 
(279) Cartilage on blowhole ligament: absent (0); present (1). (Messenger and 
McGuire, (1998) #1529; Murakami et al. (2012a, 2012b) #272; Tanaka and 
Fordyce, (2014, 2015) #272). 
(280) Accessory sac: absent (0); present, forms small diverticulum of inferior 





ligament to the premaxilla (1). (Messenger and McGuire, (1998) #1549; Geisler 
and Sanders, (2003) #106; Fajardo-Mellor et al., (2006) #40; Geisler et al., (2011) 
#106, (2012) #106; Murakami et al. (2012a, 2012b) #274; derived from 
Schenkkan, (1971); Mead, (1975); Heyning, (1989) ; Tanaka and Fordyce, (2014, 
2015) #273).  
(281) Esophageal forestomach: present (0); absent (1). (Geisler and Sanders, (2003) 
#300; Geisler et al., (2011) #300, (2012) #300; Murakami et al. (2012a, 2012b) 
#275; derived from Mead, (1989); Rice and Wolman, (1990) ; Tanaka and 
Fordyce, (2014, 2015) #274). 
(282) External throat grooves: absent (0); one pair converged anteriorly (1); 
irregular in number and shape (2). (Murakami et al. (2012a) #276; modified 
from Messenger and McGuire, (1998) #1512, 1513; Geisler and Sanders, (2003) 
#301; Geisler et al., (2011) #301, (2012) #301; Tanaka and Fordyce, (2014, 2015) 
#276). 
(283) Dorsal fin: present (0); dorsal hump (1); absent (2). (Murakami et al. (2012a) 
#277; modified from Messenger and McGuire, (1998) #1562; Geisler and 
Sanders, (2003) #304; Geisler and Sanders, 2003 #304, (2012) #304; derived 
from Leatherwood and Reeves, (1983); Jefferson and Newcomer (1993), Reeves 
et al. (2002) ; Tanaka and Fordyce, (2014, 2015) #277). 
(284) Shape of flipper: fan shaped (0); rounded at tip (1); sharply pointed at tip (2); 
entire flipper rounded (3). (Murakami et al. (2012a) #278; modified from 
Fajardo-Mellor et al., (2006) #31; Lambert, (2008) #25; derived from 
Leatherwood and Reeves (1983), Brownell et al. (1987) ; Tanaka and Fordyce, 
(2014, 2015) #278). 
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Appendix 3 – Percentage of 
coded material per specimen 
 





Georgiacetus vogtlensis 47.18 52.82 36.27 63.73 
Zygorhiza kochii 25.00 75.00 14.08 85.92 
Archaeodelphis patrius 58.10 41.90 47.18 52.82 
Xenorophus sloanii 68.66 31.34 57.75 42.25 
Agorophius pygmaeus 64.44 35.56 53.52 46.48 
Patriocetus kazakhstanicus 58.80 41.20 47.89 52.11 
Orycterocetus crocodilinus 36.62 63.38 25.70 74.30 
Physeter catodon 4.58 95.42 1.41 98.59 
Kogia breviceps 3.87 96.13 0.70 99.30 
Tasmacetus shepherdi 4.93 95.07 2.82 97.18 
Berardius bairdii 5.99 94.01 3.52 96.48 
Ziphius cavirostris 3.87 96.13 2.11 97.89 
Mesoplodon ginkgodens 11.27 88.73 7.75 92.25 
Xiphiacetus bossi 19.01 80.99 8.45 91.55 
Simocetus rayi 45.77 54.23 34.86 65.14 
Lipotes vexillifer 2.11 97.89 0.70 99.30 
Parapontoporia sternbergi 46.13 53.87 35.21 64.79 
Inia geoffrensis 1.76 98.24 0.00 100.00 
Pontoporia blainvillei 1.76 98.24 0.35 99.65 
Pliopontos littoralis 39.44 60.56 28.52 71.48 
Brachydelphis mazeasi 32.04 67.96 21.13 78.87 
Kentriodon pernix 22.89 77.11 11.97 88.03 
Atocetus iquensis 22.18 77.82 11.27 88.73 
Hadrodelphis calvertense 43.31 56.69 32.39 67.61 
Albireo whistleri 18.66 81.34 7.75 92.25 
Denebola brachycephala 48.59 51.41 37.68 62.32 
Delphinapterus leucas 1.41 98.59 1.41 98.59 
Monodon monoceros 3.87 96.13 3.17 96.83 
Odobenocetops peruvianus 38.03 61.97 27.11 72.89 
Australithax intermedia 58.45 41.55 47.54 52.46 
Lomacetus ginsburgi 60.92 39.08 50.00 50.00 
Miophocaena nishinoi 69.72 30.28 58.80 41.20 





Pterophocaena nishinoi 47.18 52.82 36.27 63.73 
Haborophocoena minutus 61.62 38.38 50.70 49.30 
Haborophocoena toyoshimai 39.08 60.92 28.17 71.83 
Numataphocoena yamashitai 50.00 50.00 39.08 60.92 
Piscolithax boreios 47.54 52.46 36.62 63.38 
Piscolithax longirostris 33.10 66.90 22.18 77.82 
Piscolithax tedfordi 38.38 61.62 27.46 72.54 
Semirostrum ceruttii 23.59 76.41 12.68 87.32 
Brabocetus gigaseorum 80.63 19.37 69.72 30.28 
Septemtriocetus bosselaersi 69.01 30.99 58.10 41.90 
Salumiphocaena stocktoni 53.17 46.83 42.25 57.75 
Phocoena sinus 8.10 91.90 7.75 92.25 
Phocoena spinipinnis 6.69 93.31 5.99 94.01 
Phocoena dioptrica 24.65 75.35 16.90 83.10 
Phocoena phocoena 2.46 97.54 2.46 97.54 
Phocoenoides dalli 6.69 93.31 6.34 93.66 
Neophocaena phocaenoides 3.87 96.13 3.52 96.48 
Lissodelphis borealis 9.51 90.49 8.80 91.20 
Cephalorhynchus hectori 4.58 95.42 3.87 96.13 
Lagenorhynchus acutus 11.62 88.38 10.92 89.08 
Orcaella brevirostris 12.32 87.68 11.62 88.38 
Orcinus orca 5.63 94.37 4.93 95.07 
Feresa attenuata 7.04 92.96 6.34 93.66 
Globicephala macrorhynchus 6.34 93.66 5.63 94.37 
Grampus griseus 8.45 91.55 7.75 92.25 
Hemisyntrachelus cortesii 37.68 62.32 26.76 73.24 
Peponocephala electra 9.15 90.85 8.45 91.55 
Pseudorca crassidens 5.99 94.01 5.28 94.72 
Delphinus delphis 5.28 94.72 4.58 95.42 
Lagenodelphis hosei 8.10 91.90 7.39 92.61 
Sousa chinensis 14.08 85.92 13.38 86.62 
Stenella attenuata 5.28 94.72 4.58 95.42 
Tursiops truncatus 0.35 99.65 0.00 100.00 
Sotalia fluviatilis 8.45 91.55 7.75 92.25 
Steno bredanensis 5.99 94.01 5.28 94.72 
Eodelphinus kabatensis 55.63 44.37 44.72 55.28 
Papahu taitapu 52.82 47.18 41.90 58.10 
Waipatia hectori 84.51 15.49 73.59 26.41 
Awamokoa tokarahi 72.89 27.11 61.97 38.03 
Waipatia maerewhenua 28.52 71.48 17.61 82.39 
Otekaikea marplesi 43.31 56.69 32.39 67.61 





Squalodon calvertensis 24.30 75.70 13.38 86.62 
Notocetus vanbenedeni 26.06 73.94 15.14 84.86 
Squalodelphis fanianii 64.44 35.56 53.52 46.48 
Prosqualodon davidis 36.62 63.38 25.70 74.30 
Squaloziphius emlongi 54.93 45.07 44.01 55.99 
Zarhachis flagellator 28.17 71.83 17.25 82.75 
Pomatodelphis inaequalis 39.79 60.21 28.87 71.13 
Platanista gangetica 5.99 94.01 3.52 96.48 
Phocageneus venustus 88.03 11.97 77.11 22.89 
Papahu sp. ZMT 73 85.21 14.79 74.30 25.70 
OU 22670 80.99 19.01 70.07 29.93 
Urkudelphis chawpipacha 63.03 36.97 52.11 47.89 
Huaridelphis raimondii 38.73 61.27 27.82 72.18 
Macrosqualodelphis ukupachai 50.70 49.30 39.79 60.21 
Inticetus vertizi 51.06 48.94 40.14 59.86 
Allodelphis pratti 53.17 46.83 42.25 57.75 
Arktocara Yakataga 66.20 33.80 55.28 44.72 
Goedertius oregonensis 56.34 43.66 45.42 54.58 
Zarhinocetus errabundus 40.14 59.86 29.23 70.77 
OU 22397 23.94 76.06 13.03 86.97 
OU 22126 26.76 73.24 15.85 84.15 
OU 22262 33.80 66.20 22.89 77.11 







7 .  Appendix 4 - Strict consensus 
trees for analyses 1 and 2 
 
Figure 7-1  Phylogenetic analysis of OU 22397, OU 22126 and OU 22262, strict 
consensus tree of unweighted analysis 1 with branch lengths labelled. 
 
Figure 7-2 Phylogenetic analysis of OU 22397, OU 22126 and OU 22262, strict 


















8 .  Appendix 5 – Analyses 3 and 4 
(no molecular constraints) and 
account of the placement effects 
of additions to the phylogeny. 
Analysis 3  
The phylogenetic analysis resulted in 49 retained trees with a best score of 2073. 
A consensus tree was obtained using the 50% majority rule in TNT (Figure 5-1). 
The addition of several species to the matrix, all closely related to basal cetaceans 
and platanistoids, led to a new arrangement and topology.  
All three tusked dolphins described in this thesis form a clade with E. osbornei, just 
basal to waipatiids. Of the other added species, I. vertizi, plots below the Squalodon 
- Prosqualodon clade, which is just below the clade containing the three specimens 
analysed in this thesis. Above this clade is one containing all described waipatiids. 
Both Otekaikea species form a clade as expected. Awamokoa is just basal to the 
grouping of both Waipatia species.  
Apomorphies for the consensus tree were obtained from TNT. The clade 
containing the thesis specimens in analysis 1 is defined by six characters:  
#11 (Width of premaxillae at mid-rostrum as percent greatest width of 
maxillae at level of postorbital processes - medium, 25–15%),  
#45 (Dorsolateral edge of internal opening of infraorbital foramen - formed 
by maxilla),  
#46 (Ventromedial edge of internal opening of infraorbital foramen - formed 
by palatine and/or pterygoid),  
#107 (Parietals in dorsal view - in skull roof but visible only as small triangular 
areas at edges of intertemporal constriction, with supraoccipital 





#147 (Tympanosquamosal recess - very large, forming large fossa bordering 
entire medial edge of glenoid fossa),  
#162 (Hypoglossal foramen - separated by very thin bone or absent, in latter 
case hypoglossal foramen becoming confluent with jugular foramen). 
 The apomorphies at the base of the clade including E. osbornei are:  
#13 (Width of rostrum at antorbital notch as percent greatest width of 
maxillae at level of postorbital processes - wide, >68%), 
#21 (Upper anterior teeth - greatly enlarged), 
#66 (Maxillary crest on supraorbital process of maxilla - absent), 
#148 (Bifurcation of tympanosquamosal recess - present, with a clear 
expansion anteriorly, invasion of mandibular fossa medially, and a 
depression (expansion) at the postglenoid process posteriorly),  
#159 (Posteroventral-most point of basioccipital crest - projecting distinct 
flange posteriorly)  
Analysis 4 
This analysis resulted in three retained trees with a best score of 146.94. A 
consensus tree was obtained using the 50% majority rule in TNT (Figure 5-2). It 
resulted in a clade of the superfamily Platanistoidea within Odontoceti. The 
Squalodon - Prosqualodon clade is most basal within it, followed by I. vertizi, U. 
chawpipacha and A. tokarahi, in that order. Above that is a clade containing two 
clades composed of both Waipatia species, and one containing OU 22397, OU 
22262 and OU 22126 and E. osbornei. Above the branch grouping OU 22397, OU 
22262 and OU 22126, and Waipatia, is a clade containing both Otekaikea species.  
Apomorphies for the consensus tree were obtained from TNT. The apomorphies 
defining the clade grouping the Waipatia and OU 22397, OU 22262 and OU 22126 
are: 
#22 (Incisors relatively delicate and procumbent - yes), 






The clade within that for the thesis species and E. osbornei is defined by the 
following apomorphies: 
#19 (Tooth enamel - reticulating striae), 
#25 (Cheek teeth ectocingulum - present), 
#58 (Posterolateral sulcus - shallow or absent), 
#66 (Maxillary crest on supraorbital process of maxilla - absent), 
#71 (Maxillary intrusion, anterior to external nares and encroaching the 
posteromedial or medial face of each premaxilla - maxilla visible within 
opened mesorostral canal as small exposure medially), 
#90 (Both nasals - with point on midline and gap on each side between 
premaxilla and nasal), 
#148 (Bifurcation of tympanosquamosal recess - present, with a clear 
expansion anteriorly, invasion of mandibular fossa medially, and a 
depression (expansion) at the postglenoid process posteriorly), 
#159 (Posteroventral-most point of basioccipital crest - projecting distinct 
flange posteriorly), 
#183 (Posterodorsal edge of stapedial muscle fossa - present) 
The apomorphies of the branch leading to the OU 22126 and E. osbornei clade are: 
#27 (Greatest diameter of largest functional tooth as percent of greatest 
width of maxillae at the level of the postorbital processes - medium, 5–
3%), 
#157 (Vomer - terminating on basioccipital, covering basioccipital-
basisphenoid suture ventrally), 
#192 (Thickness dorsoventral of pars cochlearis on periotic - thin) 
The apomorphies for the clade containing OU 22397 + OU 22262 are: 
#154 (Posterior portion of periotic fossa of squamosal - posteromedial portion 
contains large deep fossa), 
#164 (Paroccipital process, skull in ventral view - posterior edge in transverse 
line with posterior edge of condyle), 





#207 (Width of tympanic bulla as percentage of its length along its long axis 
- narrow and long, ≤64%), 
#217 (Median furrow on posterior side of bulla - divided by a transverse ridge 
originating from involucrum) 
There are four apomorphies which define a clade, here referred to as the 
superfamily Platanistoidea: 
#76 (Ratio of greatest width of premaxillae to greatest width of maxillae at 
level of postorbital processes – ≥0.50), 
#185 (Position of aperture for cochlear aqueduct - dorsomedial), 
#195 (Articular rim - present but small, forming ridge anterolateral to 
articulation surface of posterior process of periotic and separated from 
it by sulcus), 
#205 (Anterolateral convexity of tympanic bulla with anterolateral notch - 
present) 
DISCUSSION 
Placement effects of additions to the phylogeny  
The addition of 11 new species to the matrix led to significant changes which 
affected the stability of certain clades and generated changes between analysis 3 
(unordered, unweighted) (Figure 5-1) and analysis 4 (unordered, weighted k=3) 
(Figure 5-2).  
Inticetus vertizi  
The placement of I. vertizi is similar to that presented by Lambert et al (2017). In 
both new analyses produced here and in the original publication, I. vertizi is a basal 
odontocete which plots above Agrophius pygmaeus and Patriocetus 
kazakhstanicus, but below waipatiids and the tuskers OU 22397, OU 22126 and 
OU 22262. Squalodon and Prosqualodon plotted between I. vertizi and the thesis 
specimens and waipatiids in analysis 3, much as in the unweighted analysis of 
Lambert et al. (2017). In analysis 4, I. vertizi plots amongst the Platanistoidea, 






Figure 8-1. Phylogenetic analysis of OU 22397, OU 22126 and OU 22262, 50% 
majority consensus tree of unweighted analysis 3 with branch length labelled. The 
clades Physeteroidea, Ziphioidea, Inioidea, Monodontidae, Phocoenidae and 






Figure 8-2. Phylogenetic analysis of OU 22397, OU 22126 and OU 22262, 50% 
majority consensus tree of implied weighting K=3 analysis 4 with branch length 
labeled. The clades Physeteroidea, Ziphioidea, Inioidea, Monodontidae, 





specimens and waipatiids. This is also similar to the results of the weighted analysis 
carried out in the Lambert et al. (2017) paper. 
Urkudelphis chawpipacha 
The placement of U. chawpipacha differs somewhat to that of its original 
description (Tanaka et al., 2017). In analysis 3, U. chawpipacha plots further up the 
tree than in Tanaka et al. (2017), being above OU 22397, OU 22126 and OU 22262 
and the waipatiid clade, but just basal to the branch grouping the Allodelphinidae 
+ Squalodelphinidae + Platanistidae families. In analysis 4, U. chawpipacha is 
placed in a similar position as in the original phylogeny. It plots above Squalodon 
and Prosqualodon, as in Tanaka et al. (2017), as well as above the newly added I. 
vertizi and below Awamokoa. 
Arktocara yakataga, Allodelphis pratti, Goedertius oregonensis and Zarhinocetus 
errabundus 
In both analyses presented here, the addition of A. yakataga, A. pratti, G. 
oregonensis and Z. errabundus showed these species forming a clade, the 
Allodelphinidae, as in Boersma and Pyenson (2016). These new analyses resolve 
the polytomy between Z. errabundus, G. oregonensis and the clade formed by A. 
pratti and A. yakataga, in both cases placing them within the platanistoids.  
Macrosqualodelphis ukupachai and Huaridelphis  
M. ukupachai and H. raimondii (Bianucci et al., 2018) were added as the paper 
describing Macrosqualodelphis codes them for both their 42 character matrix and 
the Tanaka and Fordyce 2016 matrix. The results of the phylogenetic analysis from 
this thesis are compared to the Tanaka and Fordyce (2016) matrix coding results 
presented as Appendix B of the Bianucci et al. 2018 publication. In analysis 3, M. 
ukupachai and H. raimondii are moved from being part of a polytomy involving 
Notocetus and Phocageneus, to form their own clade within this polytomy. 
Squalodelphis plots separately to the group and just basal to it and the 





once more plots basally to Platanistidae and the other Squalodelphinidae, which 
form a 4 OTU polytomy, much as in the Bianucci et al. 2018 paper.  
Ediscetus osbornei 
The addition of E. osbornei to the matrix places it more basally than in Albright et 
al. (2018). E. osbornei was originally reported as crownward of waipatiids, Papahu 
and Prosqualodon, but not of Squalodon. In analysis 3, Ediscetus is the most basal 
member of the clade grouping OU 22397, OU 22126 and OU 22262. In analysis 4, 
it forms a clade with OU 22126 and is again more basal within the tree than in 
Albright et al. (2018).  
 
 
